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GENERAL INTRODUCTION 
With the increasing world population, there is a constant pressure 
on the use of our water resources which has resulted in the degradation 
of water supplies in many areas of the world. Increased public con­
cern of water quality problems has led to a public awareness of 
deterioration of water supplies. The impact on the environment needs 
to be determined for water projects being planned for the future. 
Nitrogen is central to the growth and development of all crop 
plants and required in large amounts. The current agricultural prac­
tice is to supply nitrogen as a fertilizer and to economize on applica­
tion costs by making a single application at levels high enough to 
meet the demands of the crop for the entire season. It has been esti­
mated that only 50% of the fertilizer nitrogen is recovered in any one 
cropping year (Bartholomew and Clark, 1965). Nitrogen is leached out 
of the root zone, which may reduce the quality of ground water while 
wasting energy and resources. Surface and ground waters may, under 
certain conditions, be adversely affected by the accumulation of 
nitrates resulting from the application of nitrogen fertilizer to 
agricultural lands. Because of the water pollution potential of 
nitrogen, it is important to understand the mechanism of transport and 
transformations of nitrogen fertilizers in the soil system in order to 
develop and implement fertilizer management programs for efficient use 
of nitrogen with minimum environmental hazard. 
The fate of nitrogen at and below the surface is governed by a 
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variety of complex and interrelated processes. The inorganic soil 
nitrogen is mainly present in the form of nitrate and ammonia. 
Ammonia may be transformed to nitrate by nitrification while nitrate 
may be transformed to volatile nitrogen compounds. The various inor-
+ _ . 
ganic (NH^, NO^, NO^, N^O, and N2) and organic forms exist simultane­
ously and undergo reversible and/or irreversible transformations 
depending on the chemical and microbiological processes. All these 
processes are carried out by soil microorganisms and consequently 
are influenced by temperature, moisture, pH and aeration of the soil. 
Simultaneously, the physical processes of leaching, diffusion and 
possibly ion exchange are also occurring. Soil-water movements may 
also transport water-soluble nitrogen through soil. Nitrate distribu­
tion in the soil is complexed further by absorption of nitrates by 
plant roots. Water and nitrogen uptake by plants is a direct function 
of meteorological conditions, plant-growth stage, and plant species. 
Micro-hydrologic properties of the soil also have a major influence 
on the rate at which water and nitrates are transported through the 
soil to the plant root surface. The system becomes more complex since 
all the above processes are transient in nature and occur simultane­
ously. 
In the past, judgment based on experience and measured parameters 
has been used by scientists to estimate the effects of different 
processes. Considerable qualitative information is available regard­
ing nitrogen and its processes in soils, but it is difficult to inte­
grate this information into a form that can be used to develop 
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accurate relationships required for simulation or prediction purposes. 
A promising approach to the above problem is the development of 
mathematical models of the soil-water-plant system. Such models can 
be used for predictions, and as the basis of a true systems analysis 
model for predicting management practices which minimize pollution 
under economic constraints. The degree of sophistication and detail 
in any simulation model is determined by (1) the understanding of the 
system to be modeled, (2) conceptualization of the system processes, 
(3) the modeling approach and error bounds in the approximations 
required to solve the problem, (4) data available as input into the 
model, and (5) the intended application of the model. If various 
system processes are not understood or are unknown, the "black box" 
model approach is used. On the other hand, if a complete quantitative 
description of the system to be modeled is available and the model is 
available from established laws, a "white box" or more deterministic 
approach is considered. Therefore, depending on the completeness of 
the knowledge of the system, mathematical models may be considered 
as "shades of grey"--the darker the shade of grey, the less is known 
about the system (Davidson et al., 1978). Davidson et al. (1978) have 
further defined three kinds of mathematical models which are used to 
describe physical, chemical and biological processes. Use of a 
stochastic model assumes the processes to be modeled obey the laws of 
probability. Empirical models are based on regression equations which 
correlate input with output parameters. Mechanistic models are based 
on well established physical, chemical and biological laws that 
4 
describe individual processes. 
Simulation modeling should give increased insight into the system 
being modeled, and better conceptual understanding. Considerable 
divergence exists among the modeling approaches undertaken. Tanji 
and Gupta (1978) indicate that nitrogen simulation models range from 
totally empirical to those that are mechanistic in nature. Several 
researchers during the past decade have developed several models for 
simulation of nitrogen behavior in soil-water-plant systems (Saxton 
et al., 1977). Their models vary considerably in format and purpose. 
Dutt et al. (1972) developed a computer simulation model of dynamic 
bio-physicochemical processes in soils. This model is quite complex 
and considers many chemicals. Beek and Frissel (1973) simulated 
nitrogen behavior in soils, but did not include uptake of nitrogen 
by plants. Mehran and Tanji (1974) developed a mechanistic-type 
model for regions in California. Hagin and Amberger (1974) constructed 
a model for Israel and Central European conditions; Reuss and C. V. 
Cole (1973) built a mathematical model for grasslands, and Campbell 
and Sinai (1978) developed techniques to simulate nitrogen movements 
through agricultural watersheds. Knisel (1980) and Knisel et al. 
(1981) have presented field scale models to simulate transport of 
chemicals and erosion. Bailey and Swank (1981) presented a paper 
describing the transport and fate of agricultural pollutants. But 
none of these models could be directly applied to a tile drained 
corn-soybean belt area. 
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Objectives 
The general objectives of this study are to develop mathematical 
models to simulate the transport of nitrogen in the soil profile, 
and to develop a deterministic computer model to simulate the nitrate 
losses with tile drainage water. Two mathematical models are developed 
to analyze the transport of nitrogen in the soil profile; a simulation 
model developed by Duffy et al. (1975) is modified to predict the 
nitrate losses in tile water. 
The specific objectives of this research are: 
(1) To develop mathematical models for simulating microbiological 
transformations and movements of nitrogen to describe the 
transient flow conditions in a uniform well-drained soil 
profile. 
(2J To verify the developed mathematical relationships with the data 
previously obtained in the laboratory. 
(3) To develop an operational simulation model to quantify the 
nitrogen losses in tile drained agricultural areas. 
(4J To calibrate the hydrology model with field data obtained at the 
Agricultural Engineering - Agronomy farm. Collected data provide 
the continuous flow rates and associated nitrate concentrations. 
(5) To calibrate the nitrogen model, and to verify the combined 
models with the data from the Agricultural Engineering-Agronomy 
farm. 
6 
LITERATURE REVIEW 
In the past, research on nitrogen emphasized the agronomic aspects 
of crop production. Recently, an added concern has been the trans­
mission of nitrogen to receiving water bodies, both surface and 
ground waters. Nitrogen fertilizer use efficiency by crops or 
nitrogen leaching losses beyond the root zone involves consideration 
of the sources and sinks of nitrogen, including flow paths of water 
and nitrogen. These processes are complex, dynamic and interactive. 
Simulation models serve as a tool which can bring together the 
important factors to develop a clearer and more integrated picture. 
A simulation model attempts to forecast how a system will behave or 
perform without actually using the physical system. Such a model 
should meet certain requirements of similitude and generality. It 
should be universally applicable to a wide range of conditions. 
Many scientists have developed mathematical equations (models) 
describing physical, biological and chemical mechanisms. Many of 
these models describe a single nitrogen transformation process while 
others link together several processes and consider them simultane­
ously. For column-type conditions, nitrogen transformations have been 
coupled as sink-source terms to the convective-diffusion transport 
model. Other models have included more dynamic soil-water conditions, 
including the field soil-water-plant system. 
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Nitrogen Transformations 
Numerous publications have been reported in literature on nitrogen 
transformations. Allison and Sterling (1949), Cornfield (1952), 
Broadbent (1957) and Broadbent et al. (1957) have investigated vari­
ous reaction pathways and mechanisms involved. The literature also 
contains many data sets relating to these transformations. Knowles 
et al. (1965) and McLaren (1969, 1970) have made attempts to construct 
mathematical models describing some of the reactions. McLaren (1970) 
and Shaffer et al. (1969) applied a kinetic approach because reaction 
times involved in microbial nitrogen transformations are on the order 
of days or weeks. The reaction rates and states of the system along 
the reaction pathway are of interest to the observer. These models 
incorporate rate equations for transformations such as hydrolysis of 
urea, mineralization-immobilization of organic-nitrogen and NH^ -N, 
nitrification of NH^^-Nand immobilization of NO^'-N. 
Dutt et al. (1970) have found that reactions involving ion ex­
change, solution-precipitation of slightly soluble salts and forma­
tion of undissociated ion pairs are important in soils. One of the 
earliest computer models describing nitrogen transformation and applied 
to field conditions was reported by Dutt et al. (1970). Figure 1 
identifies the various biochemical and chemical pathways considered 
in this model. The N-transformations considered are urea hydrolysis, 
nitrification of NH^-N, net mineralization-immobilization of organic-N 
and NH^-N, and immobilization of NO^-N. Cation exchange of NH^-N is 
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Figure 1. Biochemical and chemical pathways for N-transformation as 
reported by Dutt et al. (1970) 
considered in a separate subroutine. The basic mathematical model 
takes the form of 
Y = C + b.X, + b-X_ + + b X 
11 2 2 n n 
(1 )  
where Y is the transformation rate for a particular process, is the 
basic transformed parameter, b^ is the regression coefficient, and C 
is a constant (Y-intercept). Equations 2 through 5 give the details 
of their transformation model^: 
Urea Hydrolysis Rate = 413 - 156 logj^T - 153 log^g (Urea-N) (2) 
Mineralization-Immobilization Rate = 0.892 + 0.00216 T 
+ 0.027 (Organic-N) + 0.392 logjQ(NHj-N) (3) 
is the temperature in °C and rates are in ppm/day for N-species, 
and concentrations of N-species on the RHS of equations are in wg/g soil. 
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Nitrification Rate = 4.64 + 0.00162T (NH*-N) 
+ 0.00162 logjQ(NHj-N) - 2.51 logj^CNO'-N) (4) 
Nitrate Immobilization Rate = 0.00 + (1.52T)/(Organic-N)^ 
+ 3.23 X lO'^^e^ -[0.0049T{Organic-N) - (NO'-N)]/(Organic-N) .(5) 
Dutt et al. (1972) outlined some of the limitations as well as 
basic assumptions of their model. The model applies to soil pH range 
of 7.0 to 8.5. The basic assumptions of this model are: NO^-N does 
not accumulate in the soil beyond trace amounts, gaseous losses of 
nitrogen in the form of denitrification are negligible under aerobic 
conditions, symbiotic and nonsymbiotic nitrogen fixation and fixation 
of in clay crystal lattices are extremely small. The serious 
deficiency of this model is the denitrification assumption. Shaffer 
et al. (1976) later updated the subroutine program and considered 
denitrification in this model by assuming zero-order kinetics. 
Beek and Frissel (1973) have developed a computer simulation 
model in CSMP (Continuous System Modeling Program) which gives quanti­
tative simulation behavior of nitrogen in soil. They have considered 
the decomposition of organic matter with accompanying mineralization 
or immobilization, nitrification, and humus production for the top 16 
cm of a soil profile. Figure 2 gives the various components of 
nitrogen transformations in the soil. In their model, the components 
of soil organic matter include humus, proteins, sugars, cellulose, 
lignin and microbial biomass. Humus is considered to be the end 
product of decomposition along with carbon dioxide. They have assumed 
that the growth rate of biomass and production rate of carbon dioxide 
Proteins 
Sugars 4 
Cellulose-* 
Soil Organic 
Matter 
Lignin 
Biological Fixation u. 
Ammonium 
îiitri fi-
cation 
Fixation 
Nitrifi­
cation 
Nitrate 
Denitrification 
Leaching 
Nitrite 
Volati-
zation 
Plants 
Biomass Clay 
Minerals 
Fertilizers 
Nitrogen 
Gas 
Figure 2. Behavior of nitrogen in soil by Beek and Frissel (1973) 
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are proportional to the rate of decomposition of organic matter. The 
net rate of ammonium production by mineralization (PX) has been 
defined as: 
PX = 1/CNMX - EFX/CNBIMA (6) 
wherein EFX is an efficiency factor, CNMX and CNBIMA are C/N ratios 
of the decomposition substrate and biomass in mg N/day/layer. Van 
Veen and Frissel (1976) presented the following relationship for 
mineralization of soil organic matter for the above model: 
H T 
N " = / K -H -dt (7) 
0 
wherein is the rate constant (day and is N content in soil 
organic matter (mg N/g soil). For nitrification of NH^-N, Van Veen 
and Frissel (1976) proposed 
T 
"T" = 4 lo \ 
Wherein is the amount of NH^-N oxidized by nitrosomonas bacteria 
at time, t, in g/mole, y" is growth yield for nitrosomonas and n^"" 
is the number of cells of nitrosomonas at time, t. The oxidation of 
NO^-N to NOj-N by nitrobactors is defined by 
^ /J "t® (9) 
where Y^, n^^ are similar to y"', n^°' for nitrobactor instead of nitro­
somonas bacteria. Finally, Van Veen and Frissel (1976) have 
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considered denitrification as an enzymatic process of the Michaelis-
Menten type. 
Red _ Red (NO3-N] 
max KNO3 + [NO3-N] ( ) 
where is the rate of decrease of NO,-N, is the maximum rate 3 max 
of decrease of NOj-N and KNO^ is the saturation constant. They said 
further work is required before denitrification can be described 
accurately. Van Veen (1977) verified this model by conducting a 
rather simple simulated field experiment. For simulation of the 
field experiment, he made use of the same submodel for mineraliza­
tion and immobilization, and of the submodels for volatization of 
ammonia, nitrification and migration. The first results of the exper­
iment show that the order of magnitude of the simulated results is 
correct, which is encouraging. 
Mehran and Tanji (1974) have developed a mechanistic FORTRAN model 
by assuming first-order kinetics for all transformations. The nitrogen 
species considered and their pathways are given in Figure 3. 
(NHJ 
es 
se 
(NHJ (NHJ (NO.) 
Figure 3. Possible transformations of soil nitrogen by Mehran and 
Tanji (1974) [Subscripts k and kk are rate constants 
while subscripts e, s, p, i, and g refer to exchangeable, 
solution, plant, immobilized and gaseous phase] 
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Irreversible first-order kinetics are assumed for nitrification, 
denitrification, mineralization, immobilization and plant uptake. 
Reversible first order reaction rates are assumed for NH^-ion exchange. 
The soil-nitrogen transformation subroutine was partly verified 
with incubât ion-type experimental data found in literature. Mehran 
and Tanji (1974) pointed out the following deficiencies in their model: 
use of only first-order kinetics, empirical fitting of the rate con­
stants, rate constants that are constant (implying that concentrations 
of substrates are not limiting), and no environmental factors such as 
temperature, soil-water content and aeration. 
Watts (1975) developed a soil-water-plant model and applied this 
model to irrigated corn in coarse textured soils. He mentioned that 
there is no way to determine whether the nitrogen model correctly 
represented the dynamic behavior of soil nitrogen. For mineraliza­
tion, Watts (1975) used the following form as developed by Stanford 
and Smith (1972): 
moisture, is potentially mineralizable N in the soil profile at 
the beginning of the time interval and is the rate constant for 
mineralization of organic-N to NH^-N. The actual amount of organic-N 
mineralized in a soil depth increment during time period. At, was 
computed as: 
'^to = Ngtl - exp(-k^ût)] (11) 
where is organic-N mineralized in time. At, at optimum soil 
(12) 
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where is the amount of organic-N mineralized under existing moisture 
conditions, R is the moisture-effect reduction factor, and is 
m to 
obtained from Equation 11. 
The nitrification of NH^-N to NO^-N was computed by assuming a 
first-order rate reaction: 
-kgAt 
% = "al' - ^ i ('« 
where N is the amount of NH.-N oxidized in time. At, at optimum 
no 4 ' ' r 
moisture content, is the amount of NH^-N initially available for 
oxidation at the beginning of the time interval, and is the trans­
formation rate constant. 
The actual amount of NH^-N oxidized to NO^-N (N^) in the time 
interval is: 
^ = Vno • (14) 
Hagin and Amberger (1974) have also formulated a CSMP nitrogen 
transformation model. They have also considered lignin, cellulose, 
sugars and hemicellulose as fractions of soil organic matter and they 
have calculated mineralization rate as 
NH. 
4 
-N = -
and 
kptD^fmp - (NH^-N)] (16) 
where is the reaction rate, is the concentration of initial 
decomposed carbohydrate fraction, f is the fraction of total organic-N 
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involved, and is the ratio of carbohydrate to N-consumed. The oxi­
dation of NH^-N has been considered as 
where y is NO^-N produced, R and are constants derived by least 
squares fitting method for data on the concentration of nitrifiers 
present, A is an asymptotic value of y (80% of original NH^-N concen­
tration). The denitrification is described by 
where the dependency of k is related to temperature (k^) , soil pH 
(k||), available organic matter (k^^) and oxygen status (k^). 
In this model, consideration is given to variations in nitrifica­
tion rates as a function of temperature, soil pH, soil-water pressure 
and oxygen concentration. This model has not been applied to field 
data. 
Frere et al. (1975) have also formulated a nitrogen transforma­
tion model. Their model calculates the movement of a chemical as it 
is transported through or off an agricultural watershed. The loss 
of chemicals between storms by degradation or volatilization is 
described by a first-order rate equation. The behavior of chemicals 
mixed into the soil is similar to that of a surface-applied chemical, 
but the model utilizes several different mathematical descriptions 
^ = R(A - y)(x. + y) (17) 
(18) 
where 
(19) 
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of their distribution. The description has been made for a single 
layer. 
Donigian and Crawford (1976) developed a model for transport of 
pesticides and nutrients in agricultural watersheds. Their model is 
similar to Mehran and Tanji (1974) but additional considerations for 
temperature dependence of the rate constants have been considered. 
Duffy et al. (1975) have formulated and applied a CSMP simula­
tion model to predict NO^-N concentrations in tile effluent from corn 
fields in central Illinois. They assumed that 80% of the ammonium 
fertilizer is nitrified within 20 days and then nitrification is 
2 
assumed to occur at a rate of 0.005 mg N/day/cm in the top soil layer 
(15 cm). 
r^ = (4/5) F/20 t^ < t S t^ + 20 (20) 
r^ = 0.005 t > t^ + 20 (21) 
where r is rate of nitrification, F is amount of NH.-N fertilizer 
n 4 
applied in mg N/cm^ and t^ is the day of fertilizer application. 
This nitrate value is assumed to be generated in the first soil layer. 
The mineralization process is assumed to vary with the time of the 
year. These rates of mineralization are assumed to reflect the 
effects of temperature and moisture. The nitrate so computed is 
added to the top two soil layers. Denitrification is assumed to take 
place in the top soil layer only if there is 0.005 mg N/cm^ or more 
and if soil moisture is at field capacity or above. The uptake of 
NOj-N is assumed to be proportional to the transpiration rate which 
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is assumed to be 0.7 of the seasonal évapotranspiration. 
Saxton et al. (1977) developed a digital model to calculate the 
occurrence, movement and dissipation of nitrogen (NO^-N) within the 
soil profile of fertilized agricultural lands. They assumed that 
fertilizers of the ammonia form bond readily with the soil 
matrix and are converted to the NO^ form by biological action. The 
conversion rate has largely been considered to be dependent on soil 
temperature and quantity of NH^^present. Production of NO^ from 
applied fertilizer was considered uniform in the upper 15-cm 
layer and was assigned an exponentially declining rate function 
of the form: 
N(t) = (22) 
where N(t) is remaining applied N, kg/ha, k^ is coefficient and is 
amount of applied N, kg/ha. The k^ value of 0.9622 was used provided 
a 90% conversion in 60 days of the total N-applied. Mineralization 
was considered as temperature dependent. In the model, Saxton et al. 
(1977) estimated that two-thirds of the residual nitrogen, 52 kg/ha per 
year from excessively fertilized corn, would be converted to NO^ dur­
ing the year. Plant roots were not included in plant uptake or in 
mineralization, but they should be included when quantifying values 
are available. They have applied this model to the nitrogen data 
that were obtained on two agricultural watersheds in Western Iowa 
near Treynor. The model was verified with corn crops, but it could 
be valid for other nonlegume crops. This model considers denitrification 
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to be negligible. This model is quite useful if decisions like 
fertilizer application rates and time of application can be analyzed 
with the model to assess management consequences on NO^-N crop avail­
ability and potential environmental hazards. 
Davidson et al, (1978) developed two simulation models, a 
detailed research type and a conceptual management type, for describ­
ing the fate of nitrogen in the plant root zone. The microbiological 
nitrogen transformations considered in this model were: (1) Nitrifi­
cation of NH^ to NOg, (2) mineralization of organic-N to NH^, 
(3) immobilization of both NH^ and NO^ to organic-N, and (4) denitri-
fication of NO^ to gaseous forms. In addition, ion-exchange of NH^ 
was also considered. The ion-exchange process was considered to be 
instantaneous, whereas all other processes were of first-order 
kinetics. The rate coefficients with these first-order reactions 
are kj, k^, k^, k^ and k^, respectively, for NH^ nitrification, NO^ 
immobilization, NH^ mineralization, NH^ immobilization, and nitrate 
denitrification (day ^). These processes are summarized in Figure 4. 
ko 
(Organic-N)^ 
Figure 4. Soil nitrogen transformations; e, s, i, g refer to exchang 
able, solution, immobilized, and gaseous phase, respective 
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Although environmental factors such as soil-water content, tempera­
ture, pH and aeration have significant effects on nitrogen transfor­
mations, optimum conditions with regard to pH and temperature were 
assumed. The transformation rate coefficients used in this model arc 
similar to those used by Hagin and Amberger (1974). The major 
limitation in selection of a rate coefficient for nitrification 
centers around the selection of a value that represents the 
activity of the microbial population responsible fpr nitrifica­
tion. 
The above models represent a wide diversity in mathematical model­
ing for soil N transformations. For simulation purposes, these models 
have taken the real-world complexities and simplified them to a level 
required for a working model. It is evident that experimental data 
are urgently needed to test these models. 
Soil-Nitrogen Transport 
In the earlier section, nitrogen transformations were considered 
independently of transport. The transport and movements of organic 
nitrogen, N11^*-N, NO^-N, NO^"-N and dissolved gases through soil and 
water are of special interest to modelers. Various one-dimensional 
transport models for solute are available in the literature, ranging 
from piston flow to convective-diffusion movement. Dutt et al. (1970) 
and Dutt et al. (1972) have a transport subroutine in their model on 
nitrate transport through the soil. They used a "mixed cell" concept 
for a segmented soil profile in which solute movement is assumed to 
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occur by mass flow, and displacement from one segment to another is 
assumed to occur in a piston-like manner. Depending on the length of 
these segments chosen, there is a possibility of some dispersion 
simulation. They further assumed that complete mixing occurs between 
the incoming solute and the transformed nitrogen changes computed 
from the nitrogen transformation model. 
Beek and Frissel (1973) used a transport model based upon another 
model by Frere et al. (1970). The transport processes included in 
the model are transport of heat, water and nitrate. It is assumed 
that the ammonia is totally adsorbed by the soil complex as NH^. In 
the model, leaching of nitrates is caused by mass flow, diffusion, and 
dispersion. 
Hagin and Amberger (1974) considered mass flow for nitrate transport 
as follows: 
Mass flow = water flow rate * NO^-Nconc. in water (23) 
They considered solute movement due to diffusion as 
Diffusion flow = NIDIF * TORT * 0.5[WC(I) - WC(I - 1)] 
. NIC(I - 1) - NIC(I) (24) 
DIFD(I) 
where NIDIF is diffusion coefficient for soil water, TORT is the 
tortuosity factor, WC is the water content and NIC is the NOg concentra­
tion in soil layers in Ith and I - 1 layers and DIFD(I) is spacing of the 
layer center lines. Dispersion flow is given by 
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Dispersion flow = NIDISP * ABS[FLRW{I)) * (25) 
where NIDISP is the dispersion coefficient and ABS is the absolute 
value. Therefore, Hagin and Amberger (1974) also considered three 
components for solute flow and their model is based upon an earlier 
work by DeWit and van Kenlen (1972). 
Watts (1975) has utilized Bresler's (1973) solute transport model 
for transient conditions, given by 
^ (Q + C) = ^  [D(V.O) ||] - ^  (q'C) + S(z) (26) 
where Q is the concentration in the absorbed phase (meq/cm^), C is 
the concentration in the solution phase (meq/cm^), t is the time, 
D(V,e) is the combined dispersion-diffusion coefficient, a function 
of flow velocity (V) and water content (0), q' is the volumetric flux 
3 2 
of solution (cm /cm /unit time) and S(z) is any sink or source rate 
term. In Watt's model, Q and S are ignored for solute transport and 
D(V,e) is taken as 
D(V.0) = A|V| + Dp(0) (27) 
where A is an experimental constant (,0.2 - 0.3 for fine sand), |v| is 
average interstitial velocity and 0^(8) is the diffusion component. 
Frere et al. (1975) used the following solute transport model 
A'U -[—~  ^ I  1 ^  
C(*) = (4..DC-D)^ « 
where C(X) is the solution concentration (ppm) at any soil depth X, 
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A is the amount of chemical (lbs/Ac), U is the unit factor, D is the 
distance water has infiltrated into the soil, and DC is the diffusion 
coefficient. 
of 
Duffy et al. (1975) have also considered NO^-N flow to consist 
(N02-N)fiow total ^'^^S'^^Flow mass ^'^S'^^Flow diffusion 
(NO3 ^ ^Flow dispersion (29) 
Duffy et al. (1975) have also made assumptions similar to the one 
made by Dutt et al. (1972) that NO^-N will be displaced with flow from 
one soil layer to another, but they have added a weighting factor 
(WF^) in the following way: 
m.ma" = V. C. ^(WF.) (30) 
where is the flow velocity (cm/day) in the ith soil layer, ^ is 
2 
the NOg-N concentration (mg N/day/cm ) from the i 1th layer; WF^ was 
taken as 0.6 when i = 1 5 and 0.9 for i > 5. Diffusion transport 
in the model is given by the following equation: 
diffusion „ [^®i-l + 0i)(NO3-N)i_i - (NOj-N)^] 
m. = Ljiff 2L (31) 
where is the diffusion coefficient (cm^/day) taken as 1.0, 
F^ labyrinth factor taken to be 0.6, U is the volumetric water content 
7 7 
(cm /cm ) and L is the thickness of soil layer, in this case 15 cm. 
The nitrate flow due to dispersion is obtained from: 
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"i'"" • 1^ l^disp (32, 
where is the dispersion coefficient (0.7 - 7.0 cm). 
Van Veen and Frissel (1976) also considered a transport simulation 
model similar to Bresler's (1972) as 
3Si 3Ci ^ gZCi „ 3Ci 
at 9t = ^i inr * Gi (33) 
where and are the respective concentrations of N as adsorbed 
and in solution, is the apparent diffusion coefficient, V^ is the 
average interstitial velocity, 6^ is the production term. The con-
vective flow of solute (R ) between layers n and n+1 is calculated 
m,n 
with 
Km.n = (Cn + Cn+ii/^V (=4) 
where (C^ + C^^^)/2 is the (NO^-N) concentration at the boundary of 
two layers. The diffusion flow (R^^ ^) is calculated as 
»D,n = »A(Cn ' (=5) 
where is the apparent diffusion coefficient and (C^ - C^^^)/dX is 
the concentration gradient of the solute over a distance dX. Then 
the net migrations for NH^-N and NG^-N symbolically represented by sub-
and superscripts T, arc found from the integration of the above fluxes 
as 
(NH3)T . (NH,)o . /J (-R„ „ . dt (36) 
(N0,)T = (N0,)o • ij )dt (37) 
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where (NHj)^ and (NOg)^ are the respective initial concentrations. 
Saxton et al. (1977) adopted the following numerical procedure 
for solute transport model to conform to the space-time incrementa­
tion: 
where CON is NO^" concentration, kgN/kg of soil; QN is quantity of ni­
trates in a 15 cm layer, kg/hec; q is water flow rate in time increment, 
ha/hour; QW is water quantity in a 15-cm layer, kg/ha; QWWp is water 
quantity at >15 bar tension, kg/ha; At is time increment in hours, 
and i is the soil layer. Like other methods, some numerical dispersion 
has been introduced in this technique, but as reported by Saxton et al. 
(1977), the effects did not appear significant for field conditions 
of this study. For soil moisture conditions significantly wetter 
than field capacity, subsequent model testing has shown that this 
procedure of solute transport computation predicts excess nutrient 
movement, and, therefore, leaching efficiency must be considered. 
Davidson et al. (1978) considered water soluble nitrogen species 
to move through soil as a result of molecular diffusion and mass 
transport in the soil-water phase. They adopted the following two 
equations for NH^^and NO^ movement through the soil: 
(Q.Wi t.i + - qi,t-iAt - Qwwp;) (38) 
a^A V ^  
.,2 • 0 3z kjA - kjA + & k3(0M) (39) 
3B _ 32B V SR 
(40) 
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where A is conc. of NH^in soil solution (wg/cm^), B is conc. of 
NOj in soil solution (ug/cm^), OM is the amount of mineralizable N 
in the organic phase (ug/g), k^, k^, k^, k^, k^ are kinetic rate 
coefficients, respectively, for NH^ nitrification, NO^ immobilization, 
NH^ mineralization, immobilization of organic-N, NO^ denitrification 
_ 1 (day ). R and V are defined as 
R = 1 + pkp/6 , retardation factor for NH^ exchange, 
V = q(2) " Iy ' where q(z) is the Darcy flux, and kp 
is the distribution coefficient for ion-exchange (cm^/g). E = k^A 
where E is the amount of NH^ in the exchangeable phase (pg/g). 
Davidson et al. (1978) have described organic-N transport and 
transformation process as 
P = kz^B + kjGA - k^p(OM) (41) 
and the gaseous loss of N due to denitrification is calculated as 
•  #  =  ( " )  
where p is the density of media, and is the sum total of N^O, NO 
and/or gas (wg/g). Further in their model, finite difference 
approximations for water, NOj and NH^ transport are considered by 
using the iteration method as described by Remson et al. (1971). 
The above solute transport models represent the current nitrogen 
simulation models. 
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Plant Uptake of Nitrogen 
Uptake of nutrients and water by the plant root system is complex 
and is not we 11-understood (Olsen and Kemper, 1968; Barley, 1970; 
Terman and Noggle, 1973; Liano and Bartholomew, 1974). Nitrogen uptake 
by plants involves the movement of water and soluble nitrogen (NH^ and 
NOj) to roots followed by their absorption across the root surfaces. 
Mass flow and diffusion are the two major processes by which NH^ and 
NOj are transported to the roots. This has been supported by Nye 
and Spiers (1964), Passioura and Frere (1967), Marriott and Nye 
(1968), Olsen and Kemper (1968), and Phillips et al. (1976). Con-
vective flow of water towards roots in response to transpiration 
results in the mass transport of NH^ and NO^ to the roots along with 
soil water. The concentration of these ions at the root surface 
decreases when the rate of root uptake exceeds the rate of supply of 
these ions by mass flow. Diffusion of NH^ and NO^ towards the roots 
occurs because of the concentration gradient. 
Due to the uncertainties in the mechanisms of nutrient transfer 
across root surfaces, several models have been proposed. In fact, 
there are two kinds of models available. In the first group of 
models, the rate of solute uptake is assumed to proceed at a rate 
needed to maintain either a constant or zero solute concentration at 
the root surface (Olsen and Kemper, 1968; Zartman et al., 1976). In 
the second group, the solute flux into the roots is assumed constant 
or varies linearly or nonlinearly with solute concentration at the 
root surface (Nye and Spiers, 1964; Marriott and Nye, 1968; Phillips 
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et al., 1976; Zartman et al., 1976; Nielson, 1972; and NaNagara et 
al., 1976). 
Of the current models, the models of Van Neen and Frissel (1976) 
and Beek and Frissel (1973) do not consider nitrogen uptake. Dutt 
et al. (1970, 1972) either input the N-uptake data or assume the 
uptake rate to be proportional to the rate of root water uptake and 
the nitrate concentration in the soil solution. 
Watts (1975) has used the following nitrogen uptake function 
in his model : 
UF(z) = A(z)*SS(z)*Az*Mp (43) 
where UF(z) is the NO^-N uptake rate by mass flow from the soil-depth 
increment z, A(z) is water uptake rate per unit depth of soil in the 
increment, SS(z) is the NO^-N concentration in the soil solution, Az 
is the soil thickness increment and M is the plant modifier effect 
P 
having a value of 0 to 1.0. 
Frere et al. (1975) used the following functional relationship 
for the nitrogen uptake by plants: 
UP = (AU*ET)/(SW*WD) (44) 
where UP is the plant uptake in Ibs/ac, AU is Ibs/ac, NO^-N available, 
ET is évapotranspiration from each layer in inches, SW is the average 
soil water content, and WD is a coefficient. The product of SW and 
WD gives inches of water in the soil. 
Hagin and Amberger (1974) have also used an assumption similar 
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to the one used by Dutt et al. (1970, 1972) in which uptake rate of 
nitrogen is proportional to water uptake by roots and concentration 
of NOg-N in the soil solution. 
Duffy et al. (1975) have assumed the uptake of NO^-N to be pro­
portional to the transpiration rate which is assumed to be 0.7 of the 
seasonal évapotranspiration. For soybean crop, N fixation from the 
atmosphere is assumed to be proportional to the rate of root growth as 
Nf = k^Tg (45) 
2 
where is the rate of fixation in mg N/day/cm , k^ is a constant 
having a value of 0.011 mg N/cm^ and r^ is the root growth rate cm/day. 
Saxton et al. (1977) have also assumed that the nitrogen uptake 
from each soil layer was proportional to the water uptake (which 
already contains root distribution effects) multiplied by the NO^-N 
concentration of the water in the layer. They have defined the uptake 
function as follows: 
12 
U = C J (T.*CON.) (46) 
i = l ^ I 
where U is plant uptake by annual distribution, kg/ha/day; C is 
daily proportinality coefficient, T is plant water uptake for 15 cm 
soil layer, kg/ha/day; CON is NO^-N concentration, kg/kg and i is soil 
layer of profile. 
Tubbs and Haith (1977) approximated the total crop uptake of 
nitrogen for a particular month by using a sigmoid curve formation 
for plant uptake during the entire growth season similar to the one 
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developed by Hanway (1960). 
Davidson et al. (1978) predicted the rate of nitrogen uptake 
(q^) on the basis of total concentration of NH^ and NO^ species in the 
soil solution as: 
% • IN""' IT  ^ C" 
m N 
where 
m N 
max ^NH4 
Inh^ "IN k„ . 
where q^^^ and q^^^ are uptake demands for NO^ and NH4 respectively, 
UNO3 ^NH4 total amounts of nitrates and ammonium, respectively, 
in the soil solution within root zone, and k is the value of U., when 
m N 
q^ = 0.5 It is clear that the processes of diffusion and mass 
flow involved in transporting nitrate and ammonia to the roots are 
ignored in this approach. 
NaNagara et al. (1976) have compared their experimental data 
with predictions from two conceptual microscopic N-uptake models 
described by Phillips et al. (1976) and they found reasonable agree­
ment between measured data and all predictive models which is encourag­
ing when one considers the several simplifying assumptions made in 
developing this model. The main assumption was that nitrate uptake 
by roots was assumed to be directly proportional to the nitrate 
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concentration at the root surfaces. In spite of the extensive studies 
made by agronomists and plant physiologists related to nutrient 
uptake, modelers have had difficulties describing the process. 
Flow of Water and Nitrogen 
For simulation it is necessary to couple flow of water with other 
nitrogen transport and transformation processes, and N-uptake, so 
that nitrogen leaching losses could be found. Dutt et al. (1970) 
used a soil moisture flow program to simulate the processes of in­
filtration, redistribution, root water extraction and drainage. They 
used the following one-dimensional flow equation; 
Ir = 37 1% - K) - : (SI) 
3 3 
where O is the volumetric soil water content (cm /cm ), D is the 
2 
moisture diffusivity (cm /day), K is the unsaturated hydraulic con-
3 3 ductivity (cm/day) and s is the sink term (cm /cm /day). They solved 
this equation by finite difference approximation with a constant 
water table at the base of the soil profile for the lower boundary 
condition. The upper boundary conditions are infiltration, evapor­
ation and zero flux. In the absence of a growing crop, s is set at 
zero and evaporation from the soil surface is predicted to occur at 
some prescribed rate, R. The moisture flux (cm/day) between adjacent 
nodes is computed for each time interval, At, by 
. , . . 8. ^ + e. - 0.^ - e.i'i 
flux . 1 (52) 
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and flux rate (cm/day), FR, is defined as 
FR = . (53) 
For cases in which the flux rate is slow, i.e. FR $ 1.75 cm/day, the 
time interval is set equal to 0.01 day (14.4 minutes). 
Dutt et al. (1970) used two options for the sink term, s. In 
the first it is assumed that the rate of removal (volume of water/unit 
volume of soil/unit time), simulating transpiration, evaporation or 
évapotranspiration, is proportional only to depth in the soil and an 
overall extraction rate U (volume of water consumed/entire soil 
profile/extended time period). This overall rate is assumed to be 
constant for semi-monthly periods and may be estimated as measured 
for various crops under field conditions. The second technique to 
estimate s is given by Erie et al. (1965) as 
U = (K)(T)(P)(2.54)/100 (54) 
where P is the percent of annual daylight hours occurring in the time 
period, K is the consumptive use coefficient for a particular crop, 
T is the mean temperature in °F and 2.54 is a conversion factor to 
obtain cm from inches. By use of either of the techniques described 
above, U is reduced to a daily basis in proportion to some prescribed 
constant root water extraction pattern given by the relationship 
i = fUj, (KP)(DEL) , . 
^Ax^^DAYS IN PERIOD^ ^ ^ 
where s^^ is water extraction on cm^/cm^ soil/unit time for each depth 
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node j. Ax is thickness of soil increment, KP is the fraction of total 
extraction in j node, and DEL is length Ax expressed in ft. The 
values of KP for the simulation period were obtained from Erie et al. 
(1965). This moisture-flow program was not verified for moisture 
changes but was tested for cumulative infiltration from a field-plot 
study by Warrick et al. (1971). 
Beek and Frissel (1973) and de Wit and van Kenlen (1972) used a 
water flow model based upon the following relationship; 
D ^  + K = V (56) 
2 
where v is the flow rate of water (cm/day), D is diffusivity (cm /day), 
3 3 0 is volumetric water content (cm /cm ), x is the downward distance, 
K is conductivity (cm/day). They further wrote the difference equa­
tion for each soil layer of the soil profile and calculated the move­
ment from one layer to another. 
Hagin and Amberger (1974) also used an approach similar to Beek 
and Frissel (1973) in their CSMP model. These models consider the 
addition of water by both irrigation and rainfall. Hagin and Amberger 
(1974) considered évapotranspiration in the following manner: 
. . * évapotranspiration 
Transpiration = Class A pan evap. ^lass A pan. evap. 
* transpiration 
évapotranspiration 
These parameters are varied every 10 days to account for changes in 
plant growth and season. The water uptake rates by plant roots (WATUP) 
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is assumed to be proportional to the transpiration rates (TRANS), 
the water content (WC) of the soil layers, and root activity (ROOTAC): 
WATUP(I) = TRANS * UP(I)/U (58) 
U = UP(I) + U (59) 
UP(1) := WC-FUNC(I) * ROOTAC(I) (60) 
where 1 is the ith layer of soil and WC-FUNC(I) = WC(I). Also, water 
loss by evaporation is simulated for flooding, "no-flooding irriga­
tion" and "no-irrigation". 
Duffy et al. (1975) have also used a similar moisture flow model 
given by equation 56 for flux estimation. They considered runoff as 
an empirical function of precipitation; that is, if precipitation is 
more than 3 cm. 
Runoff = 0.344 (Precipitation) - 0.344 . (61) 
It is estimated from open-pan evaporation, time of year, crop cover, 
crop root depth and water availability applicable to Iowa corn fields. 
Frere et al. (1975) used the USDAHL-74 Revised model of Watershed 
Hydrology to estimate soil moisture content, soil water flux, and 
surface runoff. Watts (1975) used the Nimah-Hanks model (1973) with 
some success for cornfield water use simulation in a sandy soil. 
Tanji et al. (1977) in their computer model considered infiltra­
tion, drainage, extraction and evaporation processes in irrigated 
lands. Their model has features to handle a variety of initial and 
boundary conditions, i.e. soil layering, a prescribed flux or constant 
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head upper-boundary conditions, semi-infinite depth with no flux and/or 
potential gradient in the bottom or a static and/or dynamic water 
table. This is also a one dimensional soil-water flow model which 
makes use of the partial differential equation given by equation 51. 
Among other outputs this model gives, for selected time intervals, 
the soil moisture contents at specified profile depths, soil water 
flux in each depth increment, and water extraction and evaporative 
losses. 
Tubbs and Haith (1977) have a soil water balance component in 
their model which provides daily estimates of direct runoff (surface 
and subsurface), erosion and percolation from the surface (0-10 cm) 
soil layer and percolation from the subsurface (10-30) layer. The 
soil is assumed to drain to field capacity in one day, and hence this 
;nodel is limited to well-drained soils without near-surface water 
tables or impermeable layers. The general water mass balances are; 
For surface layer (1-10 cm): 
= "I'lt • «t * "t - Qt - - Pit 
For layer (10-30 cm): 
^ 2 ^ 2 , t * l  ^ 2 ^ 2 t  *  ^ I t  '  ^ 2 t  '  ^ 2 t  
where is rainfall on day t, is snowmelt on that day, is 
direct runoff on day t, is évapotranspiration from layer j on 
day t, is available soil moisture, layer j, dj is the depth of 
soil layer. Evapotranspiration consists of three sources, evaporation 
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from the soil surface on day t (cm), plant transpiration from 
surface and subsurface layers on day t. Direct runoff is computed 
by the U.S. Soil Conservation Service's Curve Number equation. Percola­
tion from either layer is computed as the excess water above available 
water capacity. 
Saxton et al. (1974) modeled the vertical movements of water 
into, within, and out of the system. Infiltration was calculated as 
the difference between observed watershed precipitation and runoff. 
They modeled the top 6 ft of soil profile and the zone below the 6 
ft profile was defined as a boundary condition. The energy for ET 
is the principal driving mechanism for water movement within the system. 
Soil-water tension and gravity play a secondary but important role. 
The major processes influencing soil water are precipitation, runoff, 
infiltration, transpiration, soil moisture, redistribution of soil 
moisture and percolation beyond the root zone. This model is 
applicable to well-aerated agricultural soils, but not to those soils 
or situations in which the assumptions are violated. The model was 
verified with corn crops, but it could be valid for other nonlegume 
crops with proper descriptions of rates and distributions of water. 
Saxton et al. (1977) used the above-mentioned soil-water movement model 
for their nitrogen simulation model. 
Davidson et al. (1978) have developed a mechanistic research 
model for describing simultaneous transport and transformations of 
nitrogen species during transient unsaturated water flow through soil. 
This model does not include such processes as partial displacement of 
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soil-water because of water channelling (Quisenberry and Phillips, 
1976) or the presence of mobile and immobile layers as described by 
Van Genuchten and Wierenga (1976). Davidson et al. (1978) used the 
nonlinear partial differential equation governing one-dimensional 
flow of water in unsaturated soils which may be written, as used by 
Kirkham and Powers (1972), 
C'P IT • K tk(h) l&J - ^  (M) 
where 9 is soil moisture content (cm^/cm^), h is soil-water head (cm), 
k(h) is soil water conductivity, Cap(h) is soil water capacity (cm ^), 
z is the vertical downward distance and t is time in days. Cap(h) 
is a measure of the change of soil-water content with water head 
(Cap(h) = 1^] which is determined by use of soil water characteristic 
relationships (0 versus h). The boundary conditions used are: 
h = h(z,0) at 0<z<<° (65) 
h = h(0,t) at z=0, titj (66) 
^ -k(h) + k(h) at z=0, t>ti . (67) 
Numerical solutions to these water flow equations are presented 
by Davidson et al. (1975) which have been used in this model. 
Summary of Literature Review 
The processes of nitrogen transformation, nitrogen transport and 
nitrogen uptake by plants are quite complex. The nitrogen simulation 
models reviewed reveal several gaps in knowledge that require further 
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research and quantification, at least from a modeling viewpoint. For 
instance, in the soil-water flow models, the dynamics of root growth 
and root water extraction over a wide range of soil-water conditions 
is least understood and nitrogen fate models the denitrification process 
is least understood. Nitrogen uptake by plants needs better quantita­
tive definition. It also appears from the literature search that we 
do not have a single field experiment (reported in the literature) by 
which we can adequately document a nitrogen simulation model as a whole 
for hydrologie (physical), biologic, and chemical considerations. 
The complexity of the problem requires that mathematical models 
be used for the predictions. In the present study, most recent find­
ings are used to develop a deterministic hydrologie model. Nitrate 
inputs are rainfall, fertilizer and mineralization; nitrate losses are 
denitrification, leaching, plant uptake and volatilization. Very simple 
relations were used in various calculations encountered in the review. 
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PART I. NITRATE MOVEMENT WITH ZERO-ORDER 
DENITRIFICATION IN A SOIL PROFILE 
39 
ABSTRACT 
A theoretical analysis of the movement of nitrates in an un­
saturated soil with zero-order denitrification is presented. The 
transport equation and boundary conditions are established to repre­
sent a field situation (i.e., application of N to the surface of a 
soil that already has nitrogen present in its profile). An analytical 
solution is derived. For given values of the diffusivity, pore solute 
velocity, and the rate coefficients for denitrification, the relative 
concentration profiles are shown at different times. Comparison with 
published data is made; the theoretical relationship fits the data 
reasonably well. 
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INTRODUCTION 
Large quantities of N fertilizers are being used for crop pro­
duction. An understanding of the mechanisms of transport and trans­
formations of these fertilizers in soil systems is necessary to develop 
and implement fertilizer management programs for efficient N use with 
minimum environmental hazard. The transport of fertilizer N in soils 
below the root zone of plants, usually in the form of NO^-N, is an 
economic loss to the farmer as well as possibly degrading the quality 
of water resources (both ground and surface, depending on hydrologie 
factors). 
The fate of N at and below the surface is governed by a variety 
of interrelated and complex processes. The various inorganic (NH^*, 
NOj", NO2 , and N^) and organic forms exist simultaneously and undergo 
reversible and/or irreversible transformations depending on chemical 
and microbiological processes. Simultaneously, the physical processes 
of leaching, diffusion, and possibly ion exchange also are occurring. 
McLaren (1969, 1970, 1973) has presented analysis for steady and 
transient states for predicting the distribution of NH^*, NO^ , and 
NO2 ions in a soil that had been continuously leached with an ammonium 
salt solution in the absence of ion exchange and ionic diffusion. Cho 
(1971) presented the theory of convective transport of ammonium ions 
to include not only simultaneously occurring nitrification and de-
nitrification, but also the ion exchange reactions and ion diffusion. 
Misra et al. (1974b) presented experimental evidence to support their 
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theoretical considerations for N transformations in soils during leach­
ing. 
One of the N transformations that is not well-understood is 
denitrification. Denitrification has traditionally been considered 
an undesirable process by agriculturalists. The process has received 
attention in recent years and substantial information is available 
on soil factors influencing denitrification (Broadbent and Clark, 
1965). Relatively little data are available, however, to assess the 
significance of denitrification beneath the rooting depth in reducing 
the quantity of residual NO^" moving into receiving waters. Soil 
properties influenced by drainage are important to denitrification. 
In addition to a possible direct effect on denitrification (Bremner 
and Shaw, 1958), soil moisture has an indirect influence on other 
interacting related factors. Where poor soil drainage results in a 
high water table, oxygen supply by diffusion of dissolved oxygen to 
regions of high demand is greatly impaired relative to gaseous diffusion 
(Howeler and Bouldin, 1970). Oxidation-reduction potential measurements 
in tiled moderately well-drained soil indicated well-oxidized condi­
tions (500-700 mV) to 3 m. The oxidation-reduction measurements 
beneath 1 m in the poorly drained soil indicated favorable conditions 
for denitrification (Gambrell et al., 1975). 
Corey et al. (1967) used miscible displacement experiments to 
study the influence of soil properties on the transport and transform­
ation of NOg . Starr et al. (1974) and Starr and Parlange (1975) used 
continuous application techniques to study denitrification in soil 
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columns. Various scientists have attempted to measure the order of 
the denitrification to follow first order kinetics, dc/dt = -kc, where 
c is the concentration of NO^" in the soil system, t is the time, and 
k is the rate constant of the first-order reaction. For instance, 
Stanford et al. (1975) measured denitrification rates for 30 different 
soils and concluded that denitrification in their study followed first-
order kinetics. However, Patrick (1960) in his studies concluded that 
denitrification was a zero-order reaction under anaerobic conditions. 
Doner et al. (1974) concluded that denitrification followed zero-order 
kinetics until NO^ -N concentration reached some low values. Starr 
and Parlange (1976) hypothesized that N transformation can be modeled 
as zero-order kinetics. Reddy et al. (1976) and Phillips et al. (1978) 
assumed zero-order kinetics in their models. 
The objectives of this paper are to develop a theoretical model 
of the nitrate movement by assuming zero-order reaction for nitrate 
reduction and to evaluate the denitrification process to ascertain 
rates of NO^ reduction as a function of temperature and oxygen com­
position of air filled pores in soil columns for transient flow con­
ditions. With the proposed model, the relative concentration of NO^ -N 
can be found at different depths and at different times after the 
application of nitrates on the soil surface. 
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THEORY 
The partial differential equation describing the time rate of 
change of NO^ in a soil profile during the microbial transformation 
can be written as 
9^c V 3c k 1 3c ,,, 
^- D 37 - D = D 3F (1) 
where 
c = concentration of NO^-N, mg/liter, 
V = average pore-solute velocity, cm/hour, 
D = diffusion coefficient of NO^ -N in soil, cm^/hour, 
k = rate constant for zero-order denitrification, mg/fc/hour, 
X = soil depth, cm, and 
t = time, hours. 
The diffusion coefficient D has been assumed to be constant in 
the soil profile. 
The initial and boundary conditions for the movement and denitrifi-
cation processes, shown in Figure 1, are given by equations 2, 3, and 4. 
c = for all values of x when t = 0 (2) 
c = Cg - b't at X = 0, for t > 0 (3) 
c = c^ - kt at X > for t > 0 . (4) 
Equation 2 states that initially the concentration of NO^ -N in 
the soil profile is uniform of concentration, c^, where c^ = the 
initial concentration of NO^-N in the soil profile, and c^ = maximum 
concentration of NO^ -N at soil surface. 
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NO: 
NO. 
C =  C q -  b ' t  
at X = 0 
at X 00 
C = Cg - kt 
Figure 1. Schematic diagram of a soil profile for nitrate movement 
with zero-order denitrification 
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Equation 3 is the boundary condition at the soil surface at x = 0 
which states that the concentration of NO^'-N at the soil surface 
decreases with time. This boundary condition could be exponential 
in nature 
(i.e. c = c^exp{-bt) = c^{l - bt/1! + b^t^/2! - + ...) 
=  c  - c b t = c  -  b ' t  
o o 0 
If only the first two terms of the series were taken as a first approx­
imation (the value of b will be generally small and therefore, the 
2 3 
values of b , b ..., etc. will be much smaller), c = c^ - c^bt = 
c^ - b't. This boundary condition, which becomes linear, represents 
a single application of fertilizer to the soil surface with disappear­
ance from the surface of the soil defined by the functional relation­
ship given by equation 3. The parameter b', which is a function of 
moisture content, concentration of NO^ -N, and physical and chemical 
properties of the soil, may be calculated if the nitrate concentra­
tion is given at the soil surface at different times. 
Equation 4 states that as x^, the concentration decreases because 
of denitrification only. In other words, the depth of soil considered 
needs be great enough so that the diffusion front does not reach a 
bottom soil boundary during the period of interest. In fact, as x-«°, 
the concentration of nitrates in the soil will approach zero concen­
tration; that is, the movement of fertilizers will not reach an 
infinite depth of soil. Equation 4 could predict a negative c if t 
is sufficiently long. But in reality negative concentrations are not 
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possible; therefore, the condition that c cannot be <0 is imposed. 
Taking the Laplace transform of equations 1 through 4, we obtain 
c = Cg/p at x>0, t=0 (6) 
c = c^/p - b'/p^ at x=0, t>0 (7) 
c = Cg/p - k/p^ at t>0 . (8) 
The resulting equation using equation 5 and equation 6 becomes, 
(9) d^c V dc pc k Cg 
D dx D ~ Dp p 
Equation 9 is solved by use of equations 7 and 8. Since equation 
9 is a nonhomogeneous equation of second order, its general solution 
can be expressed as 
c = . Yp (10) 
where Y^ = solution of homogeneous part of equation 9 and Y^ = 
particular solution. 
The solution of the equation subject to boundary conditions 7 
and 8 is given by 
Y. = + k . b 2^ ] exp{-x[(^ Q + • (11) 
h P p 
The particular solution of equation 9 is 
' p - T " ?  •  
Inserting equations 11 and 12 in equation 10 yields 
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c = [ ° p  ^ ^  ^ 2  1 exp{-x[(^  + £)'s .  ^^  
P 
or 
c = p exp {-x[(^ + g)"" - ^]) 
+ exp {_x[(32 + + 52 _ . (13) 
Taking the inverse Laplace of equation 13 and using Carslaw and 
Jaeger (1959, p. 388) further yields 
c = Cg - kt + 1/2 (c^ - Cg) 
[erfc ^ + exp (% erfc * * + l/2v(k-b') 
2rnti^ u ?rnfi^ 
[(x + vt) exp(% erfc * * - (x-vt)erfc * " ^5] . (14) 
(D )? " 2(Dt)
X ' 
2(Dt)% 2(Dt) 
Equation 14 is the final solution of the boundary value problem 
defined by equations 1 through 4. From equation 14, it may be veri­
fied that c = Cg - b't when we put x = 0. Also, when x>«> in equation 
14, the nitrate concentration c = c^ - kt. Theoretical curves of the 
nitrate concentration at different times and at different depths may 
be drawn for known values of v, k, b', c^, c^ and D by using equation 
14. For example, two such theoretical curves were drawn by using the 
following values for different parameters: 
D = 0.18 cm^/hour 
k = 0.10 hour ^ 
V = 0.10 cm/hour 
b' = 0.004 mg/liter/hour 
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Cg = 0.01 mg/liter 
= 1.00 mg/liter 
These concentration profiles are shown in Figures 2 and 3. It is 
quite clear from these plots that concentration of NO^ changes 
almost linearly with the depth of soil for smaller timings, for 
instance 50 hours. As the time increases, the nitrate concentration 
decreases near the surface of soil. The mathematical solution should 
perform in this manner since most of the nitrates should leach into 
the lower soil layers with increased time. The shape of these curves 
will change with the kind of soil, diffusivity of the porous medium, 
pore velocity of soil, and rate of denitrification. 
AFTER 50 HOURS 
AFTER 100 HOURS 
0.8 
O 0.7 AFTER 150 HOURS 
AFTER 200 HOURS 
/ AFTER 250 HOURS 2 0.6 
t; 0.3 
0.2 
0.1 
0.0 
0 10 15 20 5 25 30 
DEPTH (cm) 
Figure 2. Concentration profile of NOj at t = 50, 100, 150, 200, and 250 
hours; and v = 0.1 cm/hour 
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ligure 3. Concentration profile of NO_"-N at x = 15, 20, 25, and 30 
cm; and v = 0.1 cm/hour 
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MATERIALS AND METHODS 
Misra et al. (1974b) obtained data on the flow of NO^ during 
leaching (in the acrylic plastic perforated) of soil columns of two 
lengths, 16 and 32 cm. These columns were perforated to allow gaseous 
0^ interchange with a controlled atmosphere. Soil was packed to a 
bulk density of 1.39 i 0.04 g cm'^ to a height of 14 and 28 cm in the 
two cylinders lengths, respectively. Three short and two long 
columns were leached in a constant temperature room maintained at 
19.5 t 0.5*C, and three short columns were leached in a constant tem­
perature room at 34.5°C. All other design specifications for these 
columns and the techniques used for the collection of data for 
NOj -N flow are given in their paper. The experimental data collected 
by Misra et al. (1974b) were used to verify the theoretical analysis 
proposed in this paper. In order to use their data, we made the 
assumptions presented in our analysis which closely approximate their 
experimental setup and are explained in detail in the discussion of 
results. 
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RESULTS 
Misra et al. (1974b) measured nitrate concentrations as a func­
tion of time in the effluent from the short columns treated with 20% 
oxygen treatment at 19.5°C. In these columns, because of reduction 
of NOj -N, only 60% of the NO^-N added as a pulse was recovered in 
the effluent. These data were plotted along with the solution of 
equation 11 given by equation 14 in Figure 4. The value of parameter 
b' used was 0.009 mg/liter/hour. This plot shows that experimental 
data fit quite satisfactorily with the curve drawn by using equation 
14. 
Misra et al. (1974b) also have obtained NO^ -N flow data for the 
continuous application of a solution containing 100 rag/liter of NO^ . 
The relevant column data arc given in Table 1. In order to use these 
data, the continuous flow of nitrates corresponds to b' =0 in the 
boundary condition of equation 2 which specifies NO^-N concentration 
at the soil surface. 
Figures 5 through 8 show the results of the continuous applica­
tion of the solution of NO^ -N. Figure 5A is a breakthrough curve 
for the short column subjected to 20% oxygen at 19.5°C and Figure SB 
gives the distribution of NO^ -N at different depths of the soil 
column after a time of 195 hours. Figure 5 shows that the curves pre­
sented by equation 14 fit the experimental data reasonably well. 
Figure 6 shows the measured and predicted distribution of NO^ -N 
at 5% and 0.5% oxygen treatments and at different values of k. This 
figure shows that the curves predicted by equation 14 and with smaller 
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Oxygen: 20% 
V = 0.15 cm/hr 
o 
o 
0.30 -
0.25 = 0.009 mg/llter/hr 
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Figure 4. Theoretical (equation 14) and measured breakthrough 
curves for NO3-N stemming from a pulse of NOg'-N 
(50 mg/liter) leached through the short soil column 
at 19.5°r 
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Table 1. Synopsis of treatment data for all soil columns 
Temperature Temperature 
at 19.5°C at 34.5° C 
Experimental parameters 
Oxygen treatment at Oxygen treatment at 
0.5% 5.0% 20.0% 0 .5% 5. 0% 20.0% 
Short columns (14 cm) leached at small slow velocity 
Bulk density, g/cm^ 1.39 1.39 1.39 1 ,39 1. 39 1.39 
Water content, cm^/cm 0.40 0.40 0.37 0 .40 0. 40 0.42 
Outflow suction, cm 87 87 87 87 87 87 
Solution flux, cm/hour 0.055 0.056 0.055 0 ,055 0. 060 0.050 
Pore water velocity, cm/hour 0.14 0.14 0.15 0 ,14 0. 15 0.12 
Pore volume, cm^ 254 254 235 254 254 267 
Gas flow rate, cm^/hour 200 200 200 200 200 200 
Co for NOG'-N, mg/liter 50 50 50 100 100 100 
Diffusion coefficient. 
cm^/hour 0.1 0.1 0.1 0 .1 0. 1 0.1 
Long columns (28 cm) leached at 19.5 °C 
Small flow ve locity Large flow velocity 
Bulk density, g/cm^ 1.39 1 ,39 . 
Water content, cm /cm 0.37 - - 0 ,38 -
Outflow suction, cm 87 - - 87 -
Solution flux, cm/hour 0.056 - - 0. ,121 -
Pore water velocity, cm/hour 0.15 - - 0. ,32 -
Pore volume, cm^ 470 - - 483 -
Gas flow rate, cm^/hour 400 - - 400 -
Cg for NOt'-N, mg/liter 50 - - 100 -
Diffusion coefficient, 
cm^/hour 0 . 1  0 .1  
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V = 0.15 cm/hr 
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Figure 5. Theoretical (equation 15) and measured breakthrough 
curve (A) and distribution curve (B) stemming 
through the short column from a continuous applica­
tion of NO3--N at 19.5°C 
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Oxygen: 5% 
V « 0.14 cm/hr 
k = 0.015 hr 
D = 0.1 cm^ /hr 
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Figure 6. Theoretical (equation 14) and measured distribu­
tions of NOg'-N within the short columns leached 
after 195 hours at 1Q.5°C 
57 
1.2 
-^ oO.g 
<_> 
0.6 
. 0.31-
cT 
0.0 
COLUMN LENGTH; 28 
Oxygen: 0.5% 
V = 0.15 cm/hr 
- k = 0.003 hr -1 
D = 0.1 cmf/hr 
b' = 0.00 
t = 280 hours 
1 JL ± ± ± J 
o 
o 
8 12 16 20 2^ 28 32 
DISTANCE ALONG COLUMN (cm) 
LU 
E 
c_> 
0.8 
0.6 
> 0.4 
5 
 ^0.2 
0.0 
TEMPERATURE: 19.5C 
V = 0.15 cm/hr 
k = 0.003 hr'l 
D = 0.1 cm^/hr 
b' = 0.00 
B 
i. 
0 100 200 
TIME (Hours) 
Figure 7. Theoretical (equation 15) and measured breakthrough curve 
(B) and distribution curve (A) stemming from a continuous 
application of NOj'-N for the conditions listed 
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value of k seems to fit the measured values somewhat better. 
Figure 7 gives a breakthrough curve for the data collected from 
the long column with 0.5% oxygen treatment. The value of rate con­
stant used in this treatment is about one-fourth of that for the 
short column. These data also seem to fit quite well with the pro­
posed theoretical solution given by equation 14. Figure 8 shows the 
distribution of NOj -N within the long column with 0.5% oxygen and 
with almost double the flow rate. 
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SUMMARY 
The transport of nitrates and transformations of nitrates in 
the soil are quite complex processes. Several assumptions have been 
made in the formulation of this problem. The diffusion coefficient 
and the rate coefficient for denitrification have been assumed to be 
independent of ionic concentration. The nitrate reduction process 
has been assumed to be of zero order. These assumptions made may 
not be valid under practical situations. 
The concentration and velocity of the solution in the soil are 
taken as averages of many discrete values. In practical situations, 
the effects of larger pores will lead to changes in ionic concentra­
tion along the soil column and changes in microbial populations. 
These aspects have not been considered fully. Zero-order reactions 
are more appropriate where concentrations are large. In very small 
pores, the changes are more sluggish and the effects of small and 
large pores can be taken as averages. 
By use of these assumptions and given boundary condition, the 
theoretical analysis presented in this paper can be used to predict 
the NOj distributions in the soil as a function of time and depth. 
The transport of NO^ as a function of time and depth is influenced 
by many factors such as moisture content, diffusivity, pore solute 
velocity, cation exchange capacity of soil and rate constant for 
denitrification. If the values of v, D, k, b*, c^, and c^ are known 
for particular kinds of soils and moisture conditions, the concentra­
tion profile can be predicted at any depth for different values of 
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time from the mathematical solution presented. With the passage of 
time most of the NO^-N can move into the lower soil layers and is 
wasted unless it is "taken up" by the plant roots at the appropriate 
times. A physical plant growth model could be combined with this type 
of mathematical solution for movement and transformation of NO^-N to 
improve the efficiency of nitrogen use by crops. 
The mathematical model results were compared with experimental 
data. The analysis requires finding the parameter of b'; this can 
be done in the laboratory for a given soil. This analysis also needs 
to improve further the definition of the interaction between the 
denitrification process and other parameters. The rate of denitrifica-
tion as a function of all parameters may be found in the laboratory. 
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PART II. TRANSPORT OF NITRATE AND GASEOUS DENITRIFICATION 
IN SOIL COLUMNS DURING LEACHING 
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ABSTRACT 
Leaching of nitrate with first-order denitrification in a soil 
column of finite length has been theoretically analyzed. Transport 
equations and boundary conditions describing the movement of nitrate 
and denitrification, by chemical and/or microbiological means, in a 
soil column were set up and solved for continuous application of 
nitrate at the soil surface. From the mathematical model presented, 
relative concentration profiles can be determined for any time and 
known values of the diffusion coefficient and average solute velocity. 
The validity of this model has been supported by comparison of the 
results with experimental data from the literature. 
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INTRODUCTION 
The loss of nitrogen from agricultural land as a result of leach­
ing is still a major unknown quantity. The process of water movement 
and leaching of nitrate within the soil profile is highly complex. 
Application of nitrates, under certain conditions, will adversely 
affect water quality through significant accumulation of nitrate in 
the surface and subsurface water. Therefore, the fate of nitrogen 
in the soil-water-plant system is of interest, not only because of 
its use in biological systems, but because of its water contamination 
potential. To understand the optimum use of nitrogen fertilizers in 
the soil for crop use while minimizing the pollution potential, we 
should study the sources and sinks of nitrate in the soil. 
In the U.S.A., in 1979, almost 10^ metric tons of nitrogen were 
applied to maintain soil productivity, while consumption is ^^.5"10^ 
tons. Most of the nitrogen fertilizer, even though applied as NH^ 
or urea, eventually becomes nitrate because ammonium is quickly oxi­
dized to nitrate by nitrifiers in the soil. Too much nitrogen in 
the soil, whether it comes from too rapid oxidation of soil organic 
matter, too much animal manure, or too high application rates of com­
mercial fertilizers, can cause lodging in cereals, low sugar in sugar 
crops, and deterioration of quality of fruits and vegetables. In 
addition, excessive nitrogen can be a hazard to the quality of under­
ground water because of the potential nitrate loss by leaching and is also 
an economic loss to the farmer. Nitrate poses no danger to the soil 
and its properties, but excessive accumulation is generally associated 
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with a salinity problem. Therefore, it is necessary to have an under­
standing of the mechanism of transport and transformation of the 
fertilizers in the soil system. It is also necessary to quantify the 
effects of soil-water content, rate of leaching, solute-soil reactions, 
and microbiological transformations on the fate of fertilizers if 
efficient management programs to increase the beneficial use of 
fertilizers are to be implemented. 
In the past, the understanding of the transport of solutes have 
been made by the use of miscible displacement experiments (Corey et 
al., 1967; Kirda et al., 1974; Starr et al., 1974). Beck and Frissel 
(1973), Mehran and Tanji (1974) and Misra et al. (1974a) have all used 
first-order rate equations (loss of nitrogen is proportional to the 
first power of the nitrogen concentration) to describe transformations 
of nitrogen. Environmental factors such as soil-water content, temper­
ature, pH and aeration have significant effects on nitrogen transfor­
mations. Hagin and Amberger (1974), in mathematical modeling, used 
a first-order denitrification rate to describe, in the soil, effects 
of pH, temperature, oxygen and organic carbon content. Several investi­
gators have reported denitrification rates that were independent of 
nitrate concentration (zero-order kinetics) over a fairly wide range 
(Bremner and Shaw, 1958; Stanford et al., 1973). However, Bowman and 
Focht (1974) observed that many of those studies were conducted at 
relatively high nitrate concentrations where zero-order kinetics would 
be expected. Mehran and Tanji (1974) and Misra et al. (1974a) have 
assumed the kinetic rate coefficients for nitrogen transformations 
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to be constant, although their magnitude depends upon several soil 
environmental factors. McLaren (1971) suggested that these rate 
coefficients are dependent upon the size of the microbial population 
responsible for the transformation. 
Many investigators (e.g.. Meek et al., 1970; Starr and Parlange, 
1976; Phillips et al., 1978) have studied denitrification in soil 
columns. Attempts have also been made to measure the denitrification 
loss from soils (Rolston and Marino, 1976). McLaren (1970) presented 
an analysis of both steady-state and transient systems for predicting 
the distribution of NO^ , and NO^" ions stemming from continuous 
leaching of a soil with an ammonium salt solution, without considering 
ion exchange and ionic diffusion. Cho (1971) extended the scope of 
the theory of convective transport of ammonium ions to include the 
ion-exchange reactions near the soil particle surfaces. Misra et al. 
(1974a) adopted transport equations for diffusion, mass flow and the 
possibility of different bacterial reactions to describe simultaneous 
occurrence of nitrification, denitrification and movement of a pulse 
of NO^-N and/or NO^-N, applied to the soil surface. Rolston and 
Marifto (1976) have evaluated the simultaneous transport of nitrate 
and gaseous denitrification in a relatively long soil column at small 
soil-water flow velocities. Kanwar et al. (1980) have proposed a 
mathematical model for the simultaneous transport of nitrate with 
zero-order denitrification reaction for an infinite depth of soil. 
In the paper presented here, the nitrate reduction has been considered 
as a first-order reaction, and the movement of nitrate has been 
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considered in a soil column of finite depth. With this model, the 
relative concentration profiles of nitrate movement can be obtained 
at different transient flow velocities, under continuous application 
of nitrate on the soil surface. The bottom of the column acts as a 
sink where the nitrate content is maintained at zero concentration. 
In practice, a groundwater aquifer with moving water could act as the 
sink. However, in this paper only laboratory data will be considered. 
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THEORETICAL INVESTIGATIONS 
The movement of nitrate through the soil occurs as a result of 
molecular diffusion and mass transport in the soil-water phase. The 
mobility of water-soluble nitrogen ion in a soil-water system is 
directly influenced by the adsorption-desorption of nitrogen species 
within the soil matrix. Davidson et al. (1975) and Dutt et al. (1972) 
have used first-order kinetic and cation-exchange equations, 
respectively, to describe adsorption-desorption. Thermodynamically-
based adsorption-desorption equations require more information about 
the composition of the soil solution than is generally available. We 
believe that a simpler model (see equation 1) can be used as reason­
able approximation for adsorption-desorption. The partial differen­
tial equation describing the NO^-N concentration with time and depth, 
with the assumption that denitrification occurs according to first-
order kinetics, may be written (Kirkham and Powers, 1972), by adding 
a microbiological sink term, as: 
:rc V 3c k 1 3c 
^- D d7 - D = D sT (1) 
where 
-1 
c = concentration of NO^ , (mg 1 ) 
2  - 1  
D = diffusion coefficient of NO^-N in soil (cm hr ) 
k = rate constant of first-order reaction for denitrification 
(hr'l) 
V = average pore-solute velocity (cm hr 
X = soil depth (cm). 
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The initial and boundary conditions for nitrate movement, shown 
in Figure 1, are given as: 
c 
0 
at X = 0, t > 0 (2) 
0 at x — L, t 
O
 
A 1 (3) 
0 at 
o
 
It 
X > 0 (4) 
where 
= initial concentration of NO^-N (mg 1~^) 
L = length of column (cm). 
Taking the Laplace transform (Fagg, 1961; Kirkham and Powers, 
1972, pp. 245-248) of equation 1 and using equation 4, the subsidiary 
equation becomes: 
- F a; - § = o - ^ 
dx 
Equations 2 and 3, after taking the Laplace transform, become 
respectively: 
c = c^/p at X = 0, to (6) 
c = 0  a t  x = L ,  t > 0  ( 7 )  
where 
c = /Q exp(-pt)c(x,t)dt . (8) 
Equation 5 is a homogeneous equation of second order, and its 
solution can be obtained as: 
c = A exp(rjx) + B exp(r2x) (9) 
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C = C at X = 0 
o 
C = O at X = L 
Figure 1. Schematic diagram of a soil column for nitrate movement 
with first-order denitrification 
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where 
r = >i{v/D ± (v^/U^ + r(p + kj/D)*®] (10) 
r^,r2 = roots of equation 10 
A,B = constants to be evaluated 
Using equations 6 and 9, the values of constants A and B are cal­
culated respectively as: 
A = - ^  exp(-KL) and 
p exp(KL) - exp(-KL) 
Co exp(KL) (11),(12) 
p exp(KL) - exp(-KL) 
where 
[v^ + 4D(p + k)]^ 
2D (13) 
Therefore, substituting the values of constants A and B in equa­
tion 9, we obtain: 
f ' F '""'eilpCKu'- «x'lLr -
or 
"Ptv«/2D)1 . (14) 
The inverse Laplace transform of equation 14, after putting in 
it the value of K and using equation 34 of Carslaw and Jaeger (1959, 
p. 391), has been obtained as: 
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_ç_ _ .exp[(L - x)(v^ + 4Dk)V2D] - exp[-(L - x)(v^ + 4Dk)V2Dl, 
CQ ~ exp[L(v2 • 4Dk)V2D] - exp[-L(v2 + 4Dk)V2D] ^ 
X exp(v^/2D) + ^  exp(vs/2D) 
* X "PI- 'k ^  v^/Z.  .nV/u2,.,. 
(15) 
The summation term of equation 15 represents, at a fixed time, 
harmonic (sine series) reflections of the concentration. This sum 
is no problem for a digital computer. For a hand-computer the series 
is simplified in the Appendix. In equation 15, putting t=«' makes 
the summation term = 0 and gives c/c^ for the steady state (solution 
of equation 1 for dc/dt = 0). 
Equation 15 is the final solution of equation 1, subject to the 
initial and boundary conditions given by equations 2-4. From equation 
15, it may easily be verified that the concentration c = 0 when x = L, 
and c = c^ for x = 0. To obtain the physical view of the problem 
more clearly and to observe the effects of various parameters, the 
concentrations calculated from using equation 15 have been plotted as 
a function of depth for different times. The values of parameters 
taken were: v = 0.1 cm/hr, D = 0.18 cm^/hr, k = 0.01 hr \ and c^ = 
1.0 mg/1. Figure 2 shows the concentration profile of nitrate at an 
average flow rate of 0.1 cm/hr at L = 60 cm and t = 400 hr. 
1.0 r  
AFTER 400 HOURS 
40.0 
DEPTH (cm) 
60.0 
Figure 2. Concentration profile of NO3' at t = 400 hr and v=0.1 cm/hr within a column (L = 60 cm) 
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RESULTS AND DISCUSSION 
The experimental data collected by Misra et al. (1974b) were 
used to support the theoretical analysis which has been presented in 
this paper. They measured nitrate concentrations at different depths 
in three short (16 cm) and two long (32 cm) columns at a constant 
room temperature. All these columns were equipped with outer rec­
tangular jackets for maintaining gas concentrations of 0.5, 5 and 
20% oxygen in the unsaturated soil. After the columns were saturated 
with calcium by continuous leaching of 0.01 N CaS04, 50 mg/1 of 
NH^-N, in the form of (NH^)2S0^ contained in 0.01 N CaSO^, was used 
as the influent solution for all columns. Since the effluent from 
none of these columns contained measurable amounts of NOj-N even 
after 20 days of application of NH^-N, a 50-ml pulse of 50 mg/1 of 
NOj-N in the form of NH^NO^ was applied to all the columns during a 
period of 21 hr. Following this period, the columns were leached 
with the original calcium sulphate--ammonium sulphate solution, with 
NH^-N and NO^-N determined in the effluent. After the pulse of 
NO^ had been leached through the soil, a solution of 100 mg/1 of 
NO^-N (prepared by mixing appropriate amounts of Ca(N02)2, NH^NO^, 
and CaSO^ to maintain 10 meq/1 of Ca^*) was continuously applied to 
all columns until about two pore volume of effluent were collected. 
The concentration of NO^-N was determined in the effluent solution 
from all columns as a function of time. 
These experimental data as collected in the way described above 
by Misra et al. (1974b) were plotted along with the final solution 
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given by equation IS, in Figures 3-6. The continuous lines in these 
figures are from equation 15 and dark points are the experimental 
data. Figure 3 gives the distribution of NO^-N at different depths 
of the short column and at different values of k after a time of 195 
hr. Figure 3 shows that the experimental data fit reasonably well 
with the results from equation 15. Figure 4 shows the measured and 
predicted distributions of NO^-N at different levels of oxygen treat­
ment and at different pore-water velocities. From this figure, it 
appears that there is again a good correlation between the experi­
mental data and equation 15. Figure 5 gives the curves drawn for the 
data collected from the long as well as short columns, for small values 
of k. These data also seem to fit quite well. Figure 6 shows the 
distribution of nitrates within the long column with 0.5% of oxygen 
and with almost double the flow rate. Again there is a good fit. 
From these results it is evident that the theoretical analysis 
developed for leaching of nitrates fits the experimental data. 
Nevertheless, inasmuch as the transformation of nitrates in the soil 
system is so complex, this analysis may not be taken as complete but 
may be considered a good approximation for the kind of situation 
analyzed. In the formulation of the problem, many assumptions have 
been made similar to those of Kanwar et al. (1980) and the nitrate 
reduction process has been assumed to be of first order although these 
assumptions may not be valid under all practical situations. The con­
centration along the depth of soil, and changes in microbial popula­
tions have not been considered fully in the problem. In the very small 
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Oxygen: 51 
v=0.11 cm/hr 
k=0.015 hr-1 
D»0.1 cm^/hr 
Oxygen: 0.5% 
v= 0.11 cm/hr 
k=0.011 hr-1 
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Oxygen: 0.5% 
v=0.11 cm/hr 
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D=0.1 cm^/hr 
2  1  6  8  1 0  1 2  1 1  
DISTANCE ALONG COLUMN (cm) 
Figure 3. Theoretical (equation 15J and measured distributions of 
NO3-N within the short columns (L = 16 cm) after 195 hr 
at 19.5°C 
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Figure 4. Theoretical (equation 15) and measured distributions of 
NO3-N within short columns (L = 16 cm) after 195 hr at 
different levels of oxygen 
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Figure 5. Theoretical and measured curves for short column (L = 16 cm) 
of NOj-N after 195 hr (A), and distributions of NO3" within 
long column (L = 32 cm) after 280 hr of leaching (B) 
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Figure 6. Theoretical (equation 15) and measured distributions of 
NO3-N stemming from a continuous application of NO3-N 
to the long column (L = 32 cm) after 243 hr of leaching 
at 0.5% of 0^ 
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pores, concentration changes are somewhat sluggish, and effects of 
small and large pores are taken as averages. Keeping in view the 
above-mentioned assumptions, the theoretical analysis presented in 
this paper can be used to predict the NO^-N distributions in the soil 
profile as a function of time and depth. This analysis further 
requires the rate constant for denitrification. The biological reduc­
tion of nitrate to gaseous forms of nitrogen depends upon denitrify­
ing bacteria, oxygen, carbon content, pH and temperature of soil. 
Therefore, an integration of all these factors is needed to evaluate 
the rate constant of denitrification. 
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CONCLUSIONS 
A nitrate model with gaseous denitrification has been developed 
by using simplifying assumptions. No chemical or physical interac­
tion between solute, liquid and porous material was assumed in the 
presented model. The mathematical solution obtained in this paper, 
when compared with the experimental data as obtained by Misra et al. 
(1974b), appears acceptable. The transport of nitrates in the soil 
can be influenced by many factors such as soil moisture, diffusivity, 
solute velocity, and the nitrate reduction constant. Therefore, if 
the values of these parameters are known for a particular kind of 
soil, equation 15 can be used to predict the nitrate concentration 
at any depth of soil. A better understanding of the denitrification 
process will help to obtain a better prediction of the nitrate dis­
tribution in the soil profile. Therefore, experimental work to obtain 
the denitrification parameters is encouraged. 
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APPENDIX 
Equation 15 can be written as; 
c/c^ = M + N (A-1) 
where 
2 ^ 9 ^ 
1^ ^ ^exp[(L-x)(v 4DkW2D] - exp[-(L - x) (v ->• 4Dk) /2D]. 
exp[L(v2 + 4Dk)V2Dj - cxpl-Lfv^ + 4Dk)V2D] 
X expCvx/2D) (A-2) 
X exp[-(k + v^/4D + Dn^Ti^/L^)t] • (A-3) 
Equation A-2 also can be written as: 
M = [sinh{ (L - x) (v^ + 4Dk)V2D}/sinh{L(v^ + 4Dk)'^/2D}] 
x exp(vx/2Dj . (A-4) 
Let us first consider the sum in equation A-3. In the first 
place, we notice that, since the sum converges, we can obtain any 
desired degree of accuracy by summing only n = 1,2,3, ..., N where 
N is finite. Also, as a first-place approximation, if we assume that 
a hand-calculator could be used for a finite number of terms of the 
series of equation A-3 and if, in that case, we choose L such that 
we have L^>>Dn^n^t, then Dn^n^t/L^ will approach zero, and we may 
2 2 2 
assume that exp(-Dn n t/L ) will approach unity. Therefore, by putting 
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2 2 2 
Dn TT t/L = 0 in equation A-3 and after simplifying equation A-3, we 
may write: 
N = ^ exp[vx/2D - (k + v^/4D)t] I (-1) sin(no)^ (A-5) 
n=0 p + n 
where 
2 L 
0 = TT(L - x)/L and p = L(v + 4Dk) /2TTD 
2 2 
and the n of "n-v'»" must be of a smaller order than is L . 
According to Mangulis (1965, p. 98), equation A-5 for n-^ can be 
reduced to a closed form as: 
N = I exp[vs/2D - (k + v ^ / 4 D ) t ]  (- . (A-6) 
After putting the values of 0 and p in equation A-6 and then sub­
stituting equation A-4 and remembering we may write equation 15 
as : 
-^ = lim —x)_£v—» 4Dk) [exp(vx/2D - exp( vx/2D - (k v^/4D) t} J 
L sinh L(v + 4Dk) V2D 
or 
^ = [exp(vx/2D) - exp{vx/2D - (k + v^/4D)t}][exp{-x(v^ + 4Dk)^Y2D}] (A-7) 
o 
from which L has vanished as it should. Therefore, equation A-7 be­
comes a solution for an infinite column. From equation A-7, it 
appears that to have c = c^ at x = 0, t should be large enough, which 
is true under field conditions. Under practical situations, t is 
always large enough, and, therefore, equation A-7 should give 
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reasonably good results. 
It Is of interest to compare the solutions of equation 15 for a 
finite column of equation A-7 for an infinite column. To do this, we 
have used the values of different parameters (v, k, t and D) from 
Figures 3-6. The relative concentrations were computed at different 
depths, which are given in Tables A-1 and A-2. The computed values 
of relative concentrations (c/c^) for the finite columns (16 and 32 
cm) by using equation 15 were comparable to the values of c/c^ computed 
by using equation A-7, though this equation was derived by making a 
2 2 2 
certain assumption (L >>Dn n t). 
From Table A-1, it is quite clear that the finite and infinite 
columns have equal values to three decimal places of relative concen­
trations (c/c^) in the top 12 cm of length but not in the bottom 4 cm. 
Similarly, Table A-2 also shows [but now only for the two sets of 
parameters given by Misra et al. (1974b)] the equal values of the rela­
tive concentrations (c/c^) in the top 28 cm of the finite and infinite 
columns, though the relative concentration starts changing in the bot­
tom 4 cm of these columns. We also have plotted the relative concen­
trations for an infinite column given by equation A-7 in Figure A-1 
with dashed lines where the curves of Figure 5 also are given. We see 
that only the dashed-line portions of the curve for L==' differs. 
Table A-1. Relative concentrations (c/c^) for a finite column (L=16cm) and finite column (L==) 
at different values of v, k and D 
Figure 3A 
_ v=.14cm/hr 
DÏ:i%r 
*' T=195 hrs 
cm 
L= 
16cm 
L=o 
Figure 3B 
v=.14cm/hr 
k=.014/hr 
D=.Icm^/hr 
T=195 hrs 
L= 
16cm 
Figure 3C 
v=.14cm/hr 
k=.01/hr 
D=.Icm^/hr 
T=195 hrs 
L= 
16cm 
L=o 
Figure 4A 
v=.12cm/hr 
k=.035/hr 
D=.Icm^/hr 
T=195 hrs 
L = oc 
16cm 
Figure 4B 
v=.15cm/hr 
k=.040/hr 
D=.Icm^/hr 
T=195 hrs 
L= 
16cm 
L=° 
Figure 4C 
v=.14cm/hr 
k=.045/hr 
D=. Icmr/hr 
T=195 hrs 
16cm ^ 
Figure SA 
v=.15cm/hr 
k=.0016/hr 
D=.Icm2/hr 
T=195 hrs 
L= 
16cm 
L=<® 
0 1. 0 1. 0 1. 0 1, .0 1. ,0 1. 0 1. 0 1. 0 1. 0 1. ,0 1. 0 1. ,0 1. 0 1. 0 
0. 819 0. 819 0. 829 0. ,829 0. ,872 0. 872 0. 616 0. 616 0. 630 0. ,630 0. 583 0. ,583 0. 979 0. 979 
4 0. 670 0. 670 0. 687 0. 687 0. ,762 0. 762 0. 379 0. 379 0. 397 0. ,397 0. 340 0, ,349 0. 959 0. 959 
6 0. 549 0. 549 0. 570 0. ,570 0.665 0. 665 0. 233 0. 233 0. 250 0. ,250 0. 198 0, ,198 0. 939 0. 939 
8 0. 449 0. 449 0. 472 0. ,472 0, ,580 0. 580 0. 144 0. 144 0. 157 0, ,157 0. 115 0, ,115 0. 919 0. 919 
10 0. 368 0. 368 0. 393 0. ,393 0. ,506 0. 506 0. 088 0. 088 0. 099 0. ,099 0. 068 0. ,068 0. 899 0. 899 
12 0. 301 0. 301 0. 324 0. ,324 0. ,441 0. 441 0. 054 0. 054 0. 062 0. ,062 0. 039 0. ,039 0. 878 0. 880 
14 G. 237 0. 247 0. 258 0. 269 0. ,368 0. 385 0. 032 0. 033 0. 038 0, ,039 0. 022 0, .023 0. 821 0. 862 
16 0. 000 0. 202 0. 000 0. ,223 0, 000 0. 336 0. 000 0. 021 0. 000 0, ,025 0. 000 0. 018 0. 000 0. 844 
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Table A-2. Relative concentrations (c/cg) for finite column (L=32cm) 
and an infinite column (L=°°) at different values of v, 
k and D 
Figure 5B Figure 6 
Dis- v=0.15cm/hr v=0.32cm/hr 
tance k=.003/hr k=.05/hr 
X, D=.lcm2/hr D=.lcm^/hr 
cm T=280 hrs T=243 hrs 
L=32cm L="" L=32cm L=«' 
0 1.000 1.000 1.0000 1.0000 
8 0.854 0.854 0.3030 0.3030 
16 0.729 0.729 0.0198 0.0191 
24 0.623 0.623 0.0278 0.0278 
32 0.000 0.530 0.0000 0.0084 
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Figure A-1. Theoretical (equation 15) and measured curves for; 
(A) short column (L = 16 cm) along with theoretical 
curves from a solution for an infinite column (equation 
A-7); and (B) similar curves for the long column (I. = 
32 cm) 
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PART III: COMPUTER SIMULATION OF NITRATE LOSSES 
WITH TILE DRAINAGE WATER 
89 
INTRODUCTION 
Mathematical models have considerable potential as a tool to aid 
our understanding of the complex processes and interactions involved 
in nitrogen movement through watersheds. Coupling the simulated water 
movement from a comprehensive hydrologie model with simulated nitrogen 
levels from a nitrogen model provides an estimate of the nitrogen load 
moving within and from a watershed. These models can assist in deter­
mining the effects of different land uses and management practices on 
nutrient movement in watersheds with different characteristics. This 
section deals with the development of a mathematical model, coupled with 
a hydrologie watershed model, to simulate the movement of nitrogen in 
an agricultural drainage field. 
The goal of nitrogen transport modeling is to predict the rate of 
nitrogen transport from a watershed under specified conditions. There 
may be an interest in real-time forecasting to estimate short-term 
impact of acute problems, or statistical properties of the time sequences 
may be all that are needed. The most important point is that adequate 
choice of the model type depends on a clear understanding of the model­
ing goals and limitations. The limitations are cost, time, and per­
formance. The need will dictate the type of model while time and money 
available will limit the choice. 
A model to describe nitrogen quantities and movement within drained 
soils must include additions, subtractions, storage, and biological 
conversions, each represented as a time distribution. Most major proc­
esses of the nitrogen cycle (Figure 1) can be identified. In contrast 
(INPUTS) 
•XCH 
NH/ 
if It NITRIFI­CATION 52 <o (N TRANS­
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NH j 
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Figure 1. The nitrogen-cycle in agriculture 
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with some chemicals, nitrate is not significantly adsorbed by the soil 
and readily moves with the soil water. Therefore, both nitrate and 
soil water processes must be carefully considered. 
Several researchers have tried to model the nitrogen transformations 
and transport in soils. Uutt et al. (1970, 1972) have verified empir­
ically a developed model for soils of semiarid regions. Frere et al. 
(1970), Beek and Frissel (1973), Hagin and Amberger (1974), Mehran and 
Tanji (1974), Duffy et al. (1975) and Saxton et al. (1977) have all 
developed nitrogen simulation models for agricultural watersheds. But 
the models developed by Dutt et al. (1972) and Duffy et al. (1975) are 
the only models which could be applied directly to a tile drained 
agricultural area. The model by Dutt et al. (1972) is quite complex and 
considers many chemicals. Therefore, it was decided to modify the model 
developed by Duffy et al. (1975) so that it could be applied to a typical 
drained area at Agronomy and Agricultural Engineering Research Center 
near Ames, Iowa. A new component was added to the model to predict the 
tile flow rates on a daily basis by use of Hooghoudt's steady state 
equation as used by Bouwer and van Schilfgaarde (19b3). A separate sub­
routine was added to consider the temporary effect of ponding of water 
after rainfall. Changes were also made in Duffy et al. (1975) to cal­
culate the évapotranspiration and the nitrate loads to the drainage water. 
A new version of the hydrologie model has been developed for a very small 
watershed; it could be applied to a larger watershed without difficulty. 
The model program listing and listing of model flow charts are presented 
in Appendix A and Appendix B, respectively. 
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SYSTEM AND MODEL ORGANIZATION 
The development of a computer simulation model is presented in this 
section. Since the field data on tile drainage and nitrate nitrogen con­
centrations in effluent were available from the Agronomy and Agricultural 
Engineering Research Center in Boone County, Iowa, some of the parameters 
and processes used in this model may be specific to this area. Theo­
retically, this model should be applicable to any typical field. 
The study site has four plots, each with a single tile drain (Figure 
2). The site is a Clarion-Webster soil with a maximum slope of 2%. The 
drains are layed about 120 cm below the ground surface. Such tiling is 
typical of many fields in Iowa. Corn and soybeans are the major crops 
in the field though oats were grown in 1971 and 1977. 
Since we are interested in root zone, the top five feet of the soil 
profile are modeled in detail. The soil profile is divided vertically 
into 11 layers, the first 10 layers starting from the soil surface being 
15 cm deep each, and the final layer extending from 150 cm to 390 cm be­
low the surface (Figure 3). Within each layer, the soil properties, 
water content (volume of water per volume of soil), and nitrate concen­
trations are considered uniform. 
The simulation can be broken down into two basic components: adaily 
hydrologie component (Figure 4) which predicts runoff, évapotranspira­
tion, tile drainage and soil moisture contents in each layer; and a daily 
soil nitrogen component (Figure 5) which estimates concentration of 
nitrates in tile water and in soil layers, nitrogen uptake by plants. 
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SOILS: PREDOMINANTLY CLARION 
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SOIL SAMPLE SITES:# 
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Figure 2. Layout of plots and sample sites 
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Figure 5. Processes in soil nitrogen component 
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mineralization, and denitrification. The various processes taken into 
account in the model are schematically represented in Figure 6. These 
processes are discussed in detail in the next sections. 
Moisture Movement 
This major component of the model calculates the unsaturated and 
saturated flow rates of water within the soil profile. It also calcu­
lates the daily water table depths, drainage into the tile and surface 
runoff. 
The water content in the soil is expressed as the water content on a 
volume basis. In the model, the soil water varies between a wilting point 
and a saturation point. Wilting point is defined as the 15 bar moisture 
content below which it is assumed that the plant roots extract no more 
water from the soil and that no flow occurs through the soil. Satura­
tion point is defined as the maximum amount of water held by the soil. 
Above the water table the water content is assumed to vary from 15 bars 
to 1/3 bar water content. The pui*pose of using the 1/3 bar water content 
is to avoid calculating flow rates (using equation 1 for water contents 
above field capacity (1/3 barj), where the flow rates are so large and 
so rapidly fluctuating that the time step size in the numerical calcu­
lations would have to be shortened to avoid numerical instabilities. 
Since the properties of the actual soil profile are heterogeneous, 
the values of wilting point and field capacity are functions of depth in 
the model. The field soil under study is the Clarion-Webster (Baker 
et al., 1975); the estimated data for the soil were used and are given 
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Figure 6. Inputs, outputs, processes and variables in the hydrologie model 
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in Figure 7. The saturation point is assumed to be equal to the field 
capacity plus the drainable porosity, which is estimated to be 0.07 
percent. 
The MOIST subroutine, a submodel on water movement, is divided 
into two parts, unsaturated flow and saturated flow, and is explained 
in detail below. 
Unsaturated flow 
In the unsaturated soil, water is assumed to flow only in the 
vertical direction. According to Beek and Frissel (1973), the unsatu­
rated flow rate in the soil can be defined as 
do 4 
Vi=-Di(0) > Ki(0) (1) 
where v^ = flow rate of water (cm/day) in layer i 
D^(0) = average diffusivity of soil (cm^/day) 
(K = water content of soil (cm^/cm^) 
X = thickness of soil (cm) 
K^(o) = average conductivity of soil (cm/day). 
This differential equation can be written as a set of difference 
equations when water flows down from one layer into another layer. 
The flow rate between layers is calculated according to the following 
equation: 
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Field Capacity 
Wilting Point 
DEPTH BELOW SOIL SURFACE (cm) 
Figure 7. Wilting point and field capacity as a function of depth 
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where U = thickness of one layer (cm) 
+ D(0^)]/2, average diffusivity of soil (cm^/day) 
^ + K(0^)]/2, average conductivity (cm/day) 
L = the index of the layer containing the water table. 
Both the diffusivities, D(0^), and conductivities, K(e^), are func­
tions of water content and indirectly functions of depth as moisture 
content varies with depth. The values of conductivities, K(8^), used in 
the model were taken from Campbell and Johnson (197 5) for silty clay loam 
soil (Figures). The values of diffusivities used in the model are given 
in Figure 9 (Staple, 1969). Since the flow rate of water (v.) is calcu­
lated at the boundary of two adjacent layers, an average diffusivity 
and conductivity are calculated. 
The value of flow rate (v%) into the first layer is the precipita­
tion on that day less surface runoff. Rainfall measured at the Agronomy 
and Agricultural Engineering Research Center near Boone, Iowa, is used as 
the input to the model. Since the area under study is fairly flat, runoff 
is considered to be a function of precipitation. Shaw (1963) developed 
the following function as an estimate for runoff: 
Runoff = 0.344 (precipitation) - 0.344 if precipitation > 3 cm. (3) 
The same runoff function was used in the model, except runoff was 
calculated if precipitation was greater than 4 cm. This judgment was 
made by studying the tile flow data from 1970 to 1978. All the runoff 
did not leave the area. There was a slight depression near tiles 1 and 
2; therefore, part of this runoff remained for a while just after 
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ligure 8. Hydraulic conductivity as a function of soil moisture for 
Webster silty clay loam 
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WATER CONTENT (cm^/cm^) 
Figure 9. Diffusivity as a function of soil moisture for Webster silty 
clay loam 
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precipitation and went directly into the soil. A separate subroutine 
was added to the model to predict the flow rates in this area by using 
equation 2, but flow rates were calculated only up to the 8th layer; the 
flow rate out of the 8th layer was directly added into the tile. This 
subroutine helped to predict the peak flows accurately. 
Having calculated the flow rates, we can obtain the changes in soil 
moisture in each layer. The net flow into each layer equals the dif­
ference between inflow and outflow. The water content for each layer 
for a given day is determined from the following equation: 
KM • ,4, 
where i = 1 ... L-1, and E^(t) = évapotranspiration from layer i on day 
t, cm. In addition, the water content in each layer is restricted 
between wilting point (15 bar) and field capacity (1/3 bar). If it is 
initially calculated to be greater than field capacity, it is reduced 
to that with the excess added to the flow rate out of that layer. If 
it is less than wilting point, the amount of évapotranspiration for that 
layer is moved to the layer below. If it continues to be less than the 
wilting point, the flow rate out of that layer is decreased and water 
content increased to wilting point. 
Saturated flow 
The soil zone below the water table is considered to be a saturated 
zone, and flow in this saturated soil can be horizontal as well as verti­
cal. Duffy etal. (1975) used an empirical relation between tile flow and 
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water table depth to estimate the total subsurface flow out of the system. 
This empirical relation was established by comparing the measured tile 
flow rates and measured water table depths. Therefore, this empirical 
relation cannot be applied to any other area very satisfactorily. In 
the present version of the model, the subsurface flow was calculated by 
using Hooghoudt's steady state equation as modified by Bouwer and van 
Schilfgaarde (1963). 
The rate of subsurface water movement into the tile depends on the 
hydraulic conductivity of the soil, drain spacing and depth, profile 
depth to nearly impermeable layer, and water table elevation. Two 
kinds of saturated flows have been assumed, one flowing into tile and the 
second flowing vertically down as deep percolation (Figure 10). The 
tile flow is calculated according to the Hooghoudt's steady state equaton. 
The basic assumption of this equation is that the lateral water movements 
occur mainly in saturated regions. Therefore, the effective horizontal 
saturated hydraulic conductivity is used and the flux is calculated in 
terms of the water table elevation midway between the drains and the 
water level or hydraulic head in the drains. Using Figure 10, this drain­
age flux can be calculated as: 
_ 4K,ll2(2d . H2) 
'Ix P 
where q^ = drainage flux, cm/day 
= effective lateral saturated hydraulic conductivity, cm/day 
H2 = height of water table above the tiles at midpoint 
s = distance between tiles 
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Figure 10. Water movements in saturated zone 
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d = distance between impermeable layer and tiles. 
Although drainage is not a steady state process, a good approximation 
has been obtained by using equation 5. The various parameters used in 
equation 5 are shown in Figure 10; some are also defined in Figure 2, 
The values of lateral hydraulic conductivity and other parameters related 
to drainage flux are given in the results and discussion section. 
The deep percolation loss through the impermeable layer is estimated 
as : 
\ \2 
q* = Kg (*) 
where = deep percolation in vertical downward direction only 
T = thickness of impermeable layer 
H2 = height of water table at midway of drains 
= hydraulic conductivity of the nearly impermeable layer. 
A major assumption made in using equation 6 is that deep percolation 
occurs only if the water table is above the tile and a very little deep 
percolation (0.01 cm/day) occurs if the water table falls below the tile 
line. Ihis assumption is partially justified on the basis of hydraulic 
pressure present within the soil profile but is an approximation. This 
assumption works well for our watershed. There is also a good possibil­
ity that lateral seepage may be occurring in this watershed. Since we 
are not very sure about the hydrology of the watershed, it was decided 
to have a deep percolation component. 
A second provision is also made in the model to calculate the deep 
percolation at the rate of K^. This rate has to be constant each day 
as long as the soil remains saturated above the impermeable layer. This 
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concept did not work well for the experimental area. 
The calculations for the tile flux and deep percolation (which is 
about 60-80% of total tile flux for that day) are made on a daily basis; 
the combined flow is taken out of the system. The remaining water con­
tent is redistributed within the system according to the logic explained 
earlier. Once the saturated and unsaturated flow are calculated, the 
water table height is adjusted so that the water content of the layer 
that contains the water table is between field capacity and saturation 
point, and the water content of the layers below that layer are at the 
saturation point. 
Evapotranspiration 
A separate subroutine computes the amounts of évapotranspiration for 
each layer in the corn field. Shaw (1963) developed a method to compute 
évapotranspiration for Iowa corn. In the model, évapotranspiration is 
computed on the same basis as that by Duffy et ai. (1975) though some 
modifications were made in the data input needs and structure of the com­
puter program. Shaw found that évapotranspiration (ET) is related to the 
open-pan evaporation (OLT) by a varying ratio, depending on the amount of 
crop cover, available soil moisture and the season. Since this model is 
developed for eight months of the year (April to November) only, this 
eight-month period is divided into six periods and évapotranspiration for 
each period is calculated as follows. 
Apri1 2 Apri1 19 period: During this period, open pan evapora­
tion data (OLT) are not available for most of the years for Agronomy and 
Agricultural Engineering Research Center and energy available for 
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evaporation is not very high; the following equation was used for pre­
dicting évapotranspiration (ET): 
ET = 0.035 cm/day . (7) 
April 20 to June 26 period: During this period, there is more 
ground cover, and Shaw (1963) developed a crop development ratio (RATIO). 
Since the paper by Shaw was written in 1963, it is reasonable to assume 
there has been an increase in the size of the com plant, which will 
give a larger crop cover. Hence, the crop development ratios were mod­
ified for the months of June, July and August (Figure 11). In this 
period, 
ET = GET * RATIO . (8) 
June 27 to July 31 period: During this period, roots are advancing 
continually and plants may undergo stress from lack of available mois­
ture. Stress factors (Figure 12), which are a function of percent avail­
able moisture, were taken into account and ET was calculated as 
ET = OET * RATIO * STRESS FACTOR . (9) 
August _to day of harvest period: By August 1 corn roots are 
assumed to reach a depth of 150 cm or more; a different set of curves 
(Figure 13) is used to represent stress factors. In this period, 
ET = OET • RATIO * STRESS FACTOR . (10) 
Harvest to November period: Duffy et al. (1975) used the follow­
ing function to calculate ET during this period; the same function was 
used in this model. 
ET = 0.25 * OCT . (11) 
no 
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Figure 11. Ratio of évapotranspiration for corn and soybeans compared 
to open-pan evaporation 
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Figure 12. Relationship between stress factor and percent available 
moisture before August 1 
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Figure 13. Relationship between stress factor and percent available 
moisture after August 1 
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November 2 November 30 period: No open pan evaporation data 
are available for this period and a constant value of 0.07 cm/day was 
used as the basis for data analysis. 
Once évapotranspiration rates are calculated, the ET will be 
extracted from different depths of soil during the growth season, 
depending upon the advancement of crop roots. The extraction pattern 
used in the model is shown in Table 1. 
Table 1. Distribution of root system of corn and percent of ET which 
comes from each layer of soil as used in the model (Shaw, 1963) 
Percent of ET which comes from each layer 
Soi 1 Day of the year 
135- 158- 164- 177- 184- 191- 199- 206- 213-
158 164 177 184 191 199 206 213 265 
0-15 100 50 40 34 30 30 30 30 30 30 
15-30 50 40 34 30 30 30 30 30 30 
30-45 20 16 20 10 10 7.5 7.5 5 
45-60 16 10 10 7.5 7.5 7.5 5 
60-75 10 10 7.5 7.5 5.0 5 
75-90 10 7.5 7.5 5.0 5 
90-105 7.5 5.0 5.0 5 
105-120 3.0 5.0 5 
120-135 2.0 3.0 5 
135-150 2.0 5 
Similarly, the évapotranspiration rates were calculated for soy­
beans. The crop development ratio for soybean crop is also given in Fig­
ure 11 (R. H. Shaw, Agronomy Dept., ISU, unpublished paper, 1981). Since 
the basic data for oats were not available, the crop development ratio 
for oats was estimated with the peak ratio of 0.92 on the Istn of June. 
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Table 1 was also used for soybeans. It is clear from Table 1 that corn 
and soybean roots were assumed to reach a depth of 5 ft by August 1. 
Table 2 gives the estimated distribution of root system of oats. It 
was assumed that oat roots go up to four feet depth. 
Table 2. Distribution of root system of oats and percent of ET which 
comes from each layer of soil as used in the model 
Percent of ET which comes from each layer 
Soil J. 
depth Day of the year 
(cm) 105- 130- 140- 150- 160- 170- 180- 190- 200-
130 140 150 160 170 180 190 200 210 
0-15 100 50 40 35 30 30 30 30 30 30 
15-30 40 30 30 30 30 25 25 25 30 
30-45 10 15 10 10 10 10 7.5 7.5 10 
45-60 10 10 10 10 10 7.5 7.5 7.5 
60-75 5 10 10 10 10 7.5 7.5 7.5 
75-90 5 5 5 10 7.5 7.5 7.5 
90-105 5 5 5 7.5 7.5 7.5 
105-120 5 7.5 7.5 7.5 
Nitrogen Transformation 
The microbiological nitrogen transformations considered in this 
model arc nitrification of NH^ to NO^, mineralization of organic-N to 
Nllj, immobilization of Nll^ and NO, to organic-N, and denitrification 
of NO^ to gaseous forms. These reactions are complex and depend upon 
a large number of factors such as temperature, pH, oxygen supply, 
moisture content and microorganism population (Bartholomew and Clark, 
1965). Duffy et al. (1975) pointed out that the nitrate concentrations 
in the tile effluent are more sensitive to errors in the hydrological 
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part of the model than the biochemical transformation part. The vari­
ous nitrogen transformation processes used in the model are taken 
from Duffy et al. (1975) and are explained briefly as follows. 
Nitrification 
Feigin et al. (1974) found experimentally that 80% of the nitrogen 
fertilizer applied is nitrified within two weeks. Therefore, in the 
model, 80% of the fertilizer nitrogen is assumed to nitrify within 15 
days though Duffy et al. (1975) used a 20 day period for this purpose. 
Feigin et al. (1974) found a good correspondence between measured and 
predicted nitrate concentrations at various depths for several weeks 
after fertilization. All the nitrate produced from nitrification of 
fertilizer ammonia is added into the second layer in the model. The 
20% of the remaining fertilizer is assumed to nitrify at a very slow rate 
of 0.005 mg N/day/cm^ (0.5 kg/day/ha) until all is used. 
Mineralization - immobilization 
Mineralization is a function of microorganism activity, temperature, 
water content and mineralizable nitrogen present in the soil. 
Bartholomew and Clark (1965) have mentioned mineralization rates of 
about 70 kg N/ha/year. The computer program assumes a high rate in 
spring time in the two top layers of the soil. The following functional 
relationship has been used in the model: 
NETMIN = 0.003 mg N/day/cm^ from April 15-June 3 
= 0.00115 mg N/day/cm^ from March 1-April 14 and 
June 3-October 31 
= 0.0 other days (12) 
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where NETMIN is the net mineralization. 
Denitrification 
Denitrification is very difficult to model. There are a number of 
factors affecting denitrification; in the model denitrification is 
assumed to take place in the two top layers as enough available carbon 
and microorganisms are present there. Two conditions are imposed in 
the model for denitrification to take place: sufficient nitrate 
present in the soil, and a high water content (at field capacity). When 
these two conditions are present, the denitrification rate is assumed to 
2 
be equal to 0.003 mg N/cm /day (0.3 kg N/ha/day). This rate gave quite 
satisfactory results for the simulated conditions. 
Nitrogen Transport 
Bartholomew and Clark (1965) mentioned that nitrogen moves in the 
soil only when it is in the form of nitrate since nitrate is soluble 
and negatively charged. Other forms of nitrogen movement are not con­
sidered in the model. 
Beek and Frissel (1973) considered that the nitrate flow is caused 
by mass flow of water, diffusion, and dispersion. 
D i ff us i on 
Diffusion is a function of the concentration gradient of nitrate 
between layers and is assumed to be governed by the following relation­
ship (Beek and Frissel, 1973) 
FLRTD = DIF * TORT * t^^i-1 * ^i^ i [(NO3 -N) - (NO3 -N)^] 
2 i 
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where FLRTD = flow rate of nitrate (mg N/day/cm^) due to diffusion 
2 
DIP = diffusion coefficient for nitrate in water (cm /day) 
TORT = labyrinth factor (Bartholomew and Clark, 1965) 
(NOg -N)^ = nitrate concentration in layer i (mg N/cm^). 
Dispersion 
Dispersion is mainly caused by the movement of water through the 
soil pores. The flow rate of nitrates due to dispersion is proportional 
to the absolute flow rate of water and concentration gradient according 
to the following equation (Beek and Frissel, 1973): 
FLRTS = IvJ * DISP * [(NOj'-N)._j - (NOj'-N).]/e (14) 
where FLRTS = flow rate of nitrate (mg N/day/cm^) due to dispersion 
|v\| = absolute value of the water flow rate, cm/day 
DISP = dispersion coefficient [0.7 cm for coarse sand and 7 cm 
for loess, Beek and Frissel (1973). A value of 4 cm was 
used in the model for DISP.] 
Mass flow 
It is assumed that water flows from layer to layer, and flow of 
water through soil carries nitrate with it. However, water flowing 
through macropores may mix incompletely with the nitrate in a given 
layer. Mass flow is considered in the model by the following relation­
ship: 
MFL = v. * * WF (15) 
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where MFL = flow rate of nitrate (tng N/day/cm^) due to mass flow 
Vj = water flow rate, cm/day 
WF = weighting factor. 
The weighting factor (WF) attempts to account for cracks or small holes 
in the ground which might cause water moving through soil to mix incom­
pletely with the moisture in each layer. In the model, we have used 
WF = 0.8 for the top 5 layers and WF = 0.9 for the remainder. 
Therefore, the total flux of nitrate for each layer is the sum of 
the flow rates due to mass flow of water, diffusion and dispersion. The 
nitrate content in each layer is then calculated by taking the differ­
ence between the inflow and outflow and adding that difference to the 
amount present in the previous time step. Inflow and outflow also in­
clude biochemical transformations and crop uptake (discussed below). 
The nitrate concentration in each layer is then calculated by dividing 
the amount of nitrogen by the amount of water in each layer. 
Nitrogen Uptake 
It has been assumed that nitrate is taken up by the plants along 
with the crop water transpired. Liano and Bartholomew (1974) found 
that some scavenging of nitrogen by the plants is allowed in the uptake 
water. Peters (1960), and Peters and Johnson (1960) have estimated that 
roughly half of the évapotranspiration is the transpiration for the 
whole season. Since this estimate was made in 1960, it is reasonable 
to assume the ratio has become larger because of the more dense present 
crop growth. Consequently, in the top two layers of the model, half 
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of the évapotranspiration is considered to be transpiration, the rest 
evaporation, and all évapotranspiration goes to the plants from the 
rest of the layers. With this differentiation scheme, about 70% of the 
total évapotranspiration becomes transpiration by the plants. Thus, 
the nitrogen uptake by plants is calculated by the following relation: 
(DNTUP). = (ET). * (NOJ'-N). * (F). (16) 
2 
where (DNTUP)^ = rate of nitrogen uptake from layer i, mg N/cm 
(ET)j^ = évapotranspiration from layer i, cm 
(F)^ = a factor, for approximating the amount of transpiration 
from layer i, 0.5 for layers 1 and 2, and 1.0 for 
other layers. 
Part of the nitrogen uptake in soybean comes from nitrogen fixed 
from the atmosphere. Since very little information is available in 
literature on nitrogen fixation, the rate of nitrogen fixation is 
assumed to be proportional to the rate of root growth as follows: 
(NlTUP)g = DRTGR * k^ (17) 
where (NITUP)^ = nitrogen fixation rate, mg N/day/cm"" 
k^ = a constant (0.011 is used as a trial value) 
URTI:R = k^  * exp p| (18) 
where k^ = 2.5 cm/day, T = day, PLANT = day of planting. DRTGR was de­
rived using Figures 14 and 15. The root growth parameters for soybeans 
and oats were not available; therefore, soybean and oat roots were 
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Figure 14. Rooting depth of corn 
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Figure 15. Root growth rate of corn 
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taken roughly 80% those of corn (equation 18). Therefore, for soybeans, 
equation 18 is used with = 2.0 cm/day. 
Nitrate Concentration in the Tile Effluent 
As pointed out earlier by Duffy et al. (1975), nitrate concentra­
tions in the tile effluent are sensitive to the hydrological component 
of the model; therefore, the various processes of water movement in 
the soil profile become quite important in predicting the nitrate con­
centration of tile effluent. Nitrogen in the tile effluent is calcu­
lated as nitrogen flow per unit area to the tile. When the tile flow 
is predicted to be zero, the amount of water that may actually move is 
set equal to zero. According to Dutt et al. (1970), the nitrate con­
centrations of the tile water are functions of the nitrate concentra­
tions in the soil profiles extending to the equivalent of our 11th 
layer. On the basis of the flow net studies conducted by Luthin (1966), 
and Kirkham (1966) and Figure 16 as given by Dutt et al. (1970), it 
was assumed that the nitrate concentrations in the tile water will be 
proportional to the nitrate concentrations in the soil layers below the 
water table. By using the flow net studies of Kirkham (1966) and Figure 
16, it was estimated that approximately half of the tile discharge comes 
from the layers which are below the tile, and the rest comes from the 
layers that are above the tile and below the water table. Although such 
partitioning of water seems unnecessary for the hydrologie simulation of 
the tile flow, it is needed for nitrogen flow calculations. This parti­
tioning of nitrogen flow gives reasonably good results. 
LAND SURFACE ^-rCROPS (EVAPOTRANSPIRATION) 
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Figure 16. Typical vertical section through drainage field 
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SUMMARY AND CONCLUSIONS 
The major objective of this chapter was to develop a hydrologie 
simulation model to simulate the tile flow and nitrate concentrations 
in the tile effluent. A conceptual deterministic model developed by 
Duffy et al. (1975) was modified to simulate the tile discharge and its 
nitrate concentrations. Modifications included: 
(1) Adding a component to calculate the daily tile flows using 
Hooghoudt's steady state equation, as described by Bouwer and van 
Schilfgaarde (1963). Duffy's model previously used an empirical 
relationship. 
(2) Adding a component to calculate the deep percolation loss through 
the nearly impermeable layer below the tile. This was calculated 
previously by using an empirical relationship which did not apply 
to our area. Deep percolation was calculated by use of Darcy's 
law; this loss is a function of water table depth above the tile. 
When the water table is below the tile, a daily fixed deep percola­
tion loss of 0.01 cm/day is assumed. Another approach was included 
in the model to calculate the daily deep percolation loss at a 
constant rate, but was not used for the present analysis. 
(3) A separate subroutine was added to provide simulation of the effect 
of surface depressions. In Iowa, surface depression areas range 
from 4 to 12% of the total watershed. By calibration, it was 
found that use of 3% of the total area as the area of depression 
gave the best results. Therefore, in the present model, the area 
of depression is assumed equal to 3% of the total area drained by 
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a tile line. This subroutine was designed to increase the flow 
peaks; the output from this subroutine is added to the tile flow 
obtained from item 1 to increase the tile flow instead of raising 
the water table. 
(4J Some adjustments were made to estimate the surface runoff. The 
present model version calculates the surface runoff when precipi­
tation of more than 4 cm occurs on any day. 
(5) Modified stress curves developed by Shaw (1981)*were added to the 
évapotranspiration subroutine; 0.035 cm and 0.075 cm were adapted 
as fixed évapotranspiration rates for the months of April and 
November, respectively, to give better predictions. New crop 
development ratios as developed by Shaw (1981)1 for soybeans were 
added into the program. 
(6) Other minor changes were made in the computer program to improve 
some of the routines and reduce computer execution time. 
The model uses daily precipitation; daily open-pan evaporation; 
days of planting, harvest and fertilization; amount of fertilizer and 
crop growth data as input. It simulates the processes of unsaturated 
moisture flow, saturated water flow, tile drainage, deep percolation, 
runoff, soil moisture distribution, évapotranspiration, depression 
storage, nitrogen transformation and transport, and plant uptake of 
nitrogen. The resulting outputs are daily tile discharge and its nitrate 
concentrations, daily évapotranspiration, daily profile nitrate concen­
trations and water table heights. 
lOr. R.H.Shaw. Agronomy Dept., ISU. unpublished paper, 1981. 
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PART IV: CALIBRATION AND EVALUATION OF THE 
HYDROLOGIC SIMULATION MODEL 
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INTRODUCTION 
The hydrologie simulation model operating continuously throughout 
the crop season as developed and modified by this research was used to 
simulate the major water and nitrogen transport processes occurring 
in a typical agricultural drained field for three crops; corn, soybeans 
and oats. This model was operated for the data collected at the study 
site on the Agronomy and Agricultural Engineering Research Center in 
Boone County, Iowa. The study site was about 1.75 hectares in area 
and contained four study plots, each drained with a single tile line. 
The topography is relatively flat. Measurements have been made over a 
9-year period of tile flow and NO^ -N content of subsurface drainage 
water. There is a meteorological station on the research center which 
provides most of the basic climatological data. Simulation of these 
study sites required the use of a number of physical soil and water 
characteristics as inputs to the model along with the climatic data. 
This section contains general information relating to the data col­
lection site, calibration and evaluation of the hydrologie simulation 
model with the collected data. 
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SIMULATION MODEL 
Data Availability 
Weather data 
Most of the weather data needed were available for the entire grow­
ing season. Daily rainfall data are collected at the Agronomy and Agri­
cultural Engineering Research Center near Boone, Iowa. Other data such 
as open-pan evaporation, wind velocity, air temperature and soil temper­
ature are also collected at the center. Daily rainfall data were used 
as inputs into the model. 
Daily pan evaporation data are needed to calculate the évapotranspi­
ration rates for corn, soybeans and oats. The model calculates the évapo­
transpiration from April to November of each year. For some years, the 
pan evaporation data were not available for the months of April and 
November. Therefore, a fixed amount of évapotranspiration was used for 
part of these two months, as explained earlier in Part III. 
Soi 1 moisture data 
Data on soil moisture properties for the Agronomy and Agricultural 
Engineering Research Center were not all available to meet the needs of 
the model. Therefore, certain assumptions were made. The soil physical 
properties and soil water were considered uniform within each layer. 
I he data on water content, diffusivity, unsaturated hydraulic conductivity 
and bulk density were taken from the literature as shown in Part III. 
The saturated hydraulic conductivity was estimated based on model 
calibration. 
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Data on crop development ratio and moisture 
stress during crop growth 
The crop development ratios (potential evapotranspiration/open-pan 
evaporation) for corn and soybeans were developed by Shaw (1981).^ These 
curves have been used in the model to calculate the évapotranspiration 
rates. For oats, the similar data were not available; therefore, an 
estimated curve was generated based on peak crop development ratio of 
0.92 on the 15th of June. 
When roots are continuously advancing, plants may undergo stress 
from the lack of available moisture, a stress factor which is a function 
of percent available moisture needs to be utilized. Data on moisture 
stress factors were collected by Shaw (1981)^ and have been used as in­
put to the model. 
Tile flow data and drainage system parameters 
At the study site four plots, each with a single tile drain, were 
established (two in 1970, and two in 1972). To provide access to the 
tile lines, sumps 152 cm deep were dug to intercept drain tiles which 
were at a depth of 120 cm (Baker et al., 1975). The wall of each sump 
was formed by a 183 cm section of 122 cm diameter, corrugated-steel 
culvert. The entrance tile extended into the sump about 25 cm and 
emptied into a collection tank 50 by 56 by 46 cm deep through a hole 
cut in the culvert. An H flume was installed on the side of the 
tank opposite the tile entrance. A float-activated stage recorder was 
^From the file of Dr. R. H. Shaw, Agronomy Department, Iowa State 
University, Ames, Iowa, June 1981. 
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then installed in conjunction with the flume to provide the time-flow 
rate relationship. The flow rate-measuring devices were designed such 
that the minimum measurable flow rate was about 0.005 liter/second at 
a head of 0.3 cm, with a flow rate of 0.5 liter/second at a 6 cm head. 
Tile flow rate data were collected for nine years (1970 to 1978). 
Because of frozen conditions, little tile flow occurred during 
December, January, and February. The tile flow data from 1970 to 1978 
were used to calibrate and evaluate the hydrologie model. 
The drainage system consists of subsurface 10.2 cm drains spaced 
3658 cm apart. Surface drainage is only fair with some shallow depres­
sions near the tile. Impermeable layer is considered to be at 390 cm 
from the surface. 
Nitrate concentrations of tile effluents 
A Serco Automatic Sampler (model NW-3) was installed in the sump 
to take water samples for nitrate analysis. This automatic sampler, 
when used, took daily samples; however, changes in NO^-N concentrations 
were so gradual that after 1977 only grab samples were taken (three 
times a week). All samples were analyzed for NO^-N by using the color-
imetric cadmium reduction method. The nitrate concentration of tile 
water was used to evaluate the nitrogen transport and transformation 
subroutine (NITRO) of the hydrologie simulation model. 
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Fertilizer application data 
Fertilizer application data for various years were needed as input 
to the model. These data were collected by Baker (1981) and are given 
in Table 1. The exact fertilizer application dates could not be con­
firmed; therefore, it was decided to use May 1 of year as the day of 
fertilizer application. 
Table 1. Study site nitrogen treatments for the period of 1970-1978 
Year Crop 
Nitrogen fertilization rates 
study sites, kg/ha 
for four 
Tile 
No.l 
Tile 
No.2 
Tile 
No.3 
Tile 
No. 4 
1970 Corn 112 112 112 112 
1971 Oats 0 0 0 0 
1972 Corn 112 112 112 112 
1973 Soybeans 0 0 0 0 
1974 Corn 250 100 200 150 
1975 Soybeans 0 0 0 0 
1976 Corn 240 90 90 90 
1977 Oats 0 0 0 0 
1978 Corn 90 90 90 90 
Initial nitrate concentration, moisture content 
and water table depths 
April 1 of each year is set as the starting day for the model simu­
lation; therefore, the beginning nitrate concentrations for all the soil 
layers considered in the model are needed as inputs. The data for the 
first day of simulation were not available from the field. Estimates 
^Data from the file of Dr. J. L. Baker, Department of Agricultural 
Engineering, Iowa State University, Ames, Iowa, September 1979. 
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were made to generate these kind of data by using Baker (1979) and 
levels of nitrate for the previous fall, and are given in Table 2. For 
1971, almost zero volume of tile flow was recorded; therefore, it was 
decided not to do the simulation study for 1971. The stimulation study 
was conducted for the area drained by Tile No. 2 only. If we look at 
Figure 2 of Part III, we see that tile lines Nos. 1 and 2 represent 
typical nearly level Webster drained areas. Tile No. 3 drains two dif­
ferent areas and tile No. 4 is at a slightly higher elevation along the 
side road of the field which could represent different simulation con­
ditions for the model. From lines 1 and 2, tile line 2 was selected for 
evaluating the model as it lies in the middle of the study field and the 
boundary effects should be minimum. Table 2 gives the data for the area 
drained only by tile line 2. 
Table 2. Estimated nitrate concentrations for various years on April 1, 
line number 2 
„ ., Estimated initial nitrate concentrations in ppm Soil - . rr 
depth for various years 
tcm) 1970 1972 1973 1974 1975 1976 1977 1978 
0-15 2, ,0 10. ,0 23.0 2.0 93. 0 22.7 93, ,0 10, 0 
15-30 2, .0 11, .0 20.0 2.0 30. 0 15.3 30, ,0 10, .0 
30-45 5, .0 17, 0 20.0 7.0 24. 5 1.3 24, .5 18, .0 
45-60 5, ,0 20, ,0 16.0 5.0 24. 0 17.8 24, ,0 18, 0 
60-75 10, ,0 18, 0 14.0 10.0 26. 0 14.2 14, ,0 20, ,0 
75-90 8. ,0 18, ,0 15.0 8.0 19. 0 21.5 15. 0 16. ,0 
90-105 8. ,0 16. ,0 15.0 8.0 18. 5 26.6 8. ,5 12. 0 
105-120 10. 0 21. ,0 15.5 10.0 15. 5 21.0 11. ,5 13. ,0 
120-135 10, ,0 21, 0 15.0 10.0 15. 0 21.8 13. ,0 11. ,0 
135-150 5, .0 12. 0 13.8 5.0 14. 8 16.2 11. 8 12. 0 
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Initial moisture contents in various layers were also needed at the 
beginning of each year's simulation. Since such data were not avail­
able, some estimations were made. The nine years were divided into 
two categories: first, the years when tile was flowing on the first of 
April; and second, the years when tile was not flowing on the first of 
April. If the tile was flowing on the first day of simulation, the 
water content in all layers above the water table was assumed to be at 
field capacity. If tile was not flowing on the first day of simulation, 
the water table depth was set at 150 cm and moisture content in all 
layers above the water table was assumed to be at 85% of field capacity. 
These assumptions for initiation are approximate but worked fairly well. 
Initial moisture contents and water table depths data are very important 
inputs into the model. Lack of these data was one of the major problems 
faced in the simulation process. These two parameters were later found 
to be important controlling parameters for the major outputs, tile 
flow and nitrate concentration. 
Planting and harvesting days 
The planting and harvesting days for corn, soybeans, and oats as 
used in the model are given in Table 3. 
Calibration of Hydrologie Model 
Precipitation and open-pan evaporation data for the year 1974 were 
used to calibrate the model. As explained earlier, the tile flow measure­
ments for that year from tile line 2 were used. The hydrologie model 
calibration was based on the tile flow by use of measured flow rates from 
Table 3. Planting and harvesting days for com, soybeans, and oats 
1970 1972 1973 1974 1975 1976 1977 1978 
Crop Corn Corn Soybean Corn Soybean Corn Oats Corn 
Planting day May 15 May 15 May 22 May 15 May 22 May 15 Apr. 15 May 15 
Harvesting day Oct. 15 Oct. 15 Sep. 22 Oct. 15 Sep. 22 Oct. 15 July 31 Oct. 15 
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the tile. The only criterion used for calibrating the model was to 
minimize the difference between the measured and predicted cumulative 
tile flow from April 1 to November 30. A trial and error procedure 
was used to identify the various parameters that might have maximum 
effect on the output. The parameter under study was varied within a 
reasonable range, while all other parameters were kept constant. This 
procedure was continued until the parameter was calibrated. A similar 
method was used to calibrate some of the other parameters. 
While making trial runs, the most important components of the 
model governing the tile flow rates were unsaturated flow and saturated 
flow processes. The major problem was related to saturated flow 
parameters. The lateral hydraulic conductivity was one of the parameters 
that has a major effect on the response of the model. The deep percola­
tion component along with the saturated flow component was another 
process which had a significant effect on the model output. Deep 
percolation is defined as the loss of water which goes out of the 
system through the nearly impermeable layer at the bottom. It could 
be either lateral or vertical loss; in the model, only vertical 
seepage through the nearly impermeable barrier is considered. 
The vertical hydraulic conductivity of the impermeable layer was 
considered to be very low and was taken as a daily seepage loss, but 
it did not give very satisfactory results. Then a relationship was 
developed for the vertical drainage. This relationship was assumed to 
be a function of water table depth above the tile line as given below 
Vertical drainage = ^ * WTB (1) 
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where A is the vertical hydraulic conductivity of impermeable layer, 
cm/day, WTB is the depth of water table at midway of drains, cm, and 
T is the thickness of impermeable layer. 
Then the major problem was to calibrate the parameters like A 
and T. In the beginning, parameter A was assumed to be 1/10 of the 
saturated hydraulic conductivity which resulted in a 640 cm deep 
impermeable layer to obtain reasonable results. Finally, the values 
of A and T were estimated by calibration as 0.4 cm/day and 170 cm, 
respectively. When the water table was below 120 cm, deep percolation 
was equal to 0.01 cm/day. 
After that, the value of lateral hydraulic conductivity of the 
soil was calibrated to be equal to 15 cm/day. This value gave very 
good results (total flow volume). But when the model was run with 
1974 data, the simulated peak tile flows after the heavy rains were 
less than the measured. Depressions which collect surface storage are 
present near the tile; that storage goes directly into the tile. To 
overcome this difficulty, a separate component was added to the model 
which would route 1/6 of the created runoff water (found after calibra­
tion) into the surface storage over these depressions. The area of the 
depressions was calibrated to be equal to 3 percent of the area of the 
plot. This helped match the peak tile flow. 
The other process which could have been calibrated was the runoff. 
Because the data were not available, this component could not be cal­
ibrated. The other variables calibrated were the initial moisture con­
tents and the initial water table depths. By using 1974 data, it was 
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found that if the water table in the beginning is maintained at 150 cm, 
and the moisture content in all the layers above the water table is 
assumed equal to 85 percent of the field capacity, the model gives the 
best results. The soil water content below the water table was assumed 
to be saturated, though it may be slightly less than the saturated value 
due to residual entrapped air in soils with fluctuating water tables. 
The saturated water content in all the top ten layers was considered 
equal to field capacity plus the drainable porosity. A drainable poros­
ity of 0.07 gave the best results. The saturated moisture content and 
field capacity of the eleventh layer was taken equal to 0.30 and 0.23, 
respectively. The various values used for field capacity in the top 
ten layers are shown in Figure 7 of Part III. Table 4 summarizes the 
calibrated values of various parameters used in the model. 
Figure 1 shows the measured and predicted values of tile flow rates 
from April 1 to November 30, 1974. The model predicts peak flows on 
the same day the peaks were measured. There is good agreement between 
the measured and predicted values of peak flows. Secondly, when the 
tile stops flowing in July, the model also stops predicting flows a 
few days later. When tile started flowing again October 31, the 
model predicted tile flow on November 1. Thirdly, there is reasonable 
agreement between the measured and predicted data points. Table 5 
gives a comparison of the measured and predicted tile discharges for 
the year 1974 for fifteen day intervals. The difference between the 
predicted and measured values is large for the months of April and Novem­
ber. A part of this deviation between the measured and predicted flows 
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Table 4. Parameter definitions and calibrated values used in the 
model 
Parameter Parameter definition 
Calibrated 
value 
HYC Lateral hydraulic conductivity of the 
soil profile 
A Vertical hydraulic conductivity of the 
nearly impermeable layer. Used to cal­
culate the deep seepage loss as a func­
tion of water table depth. 
T Thickness of nearly impermeable layer 
TILE Plot area percent of slight depression 
near tile No. 2 
TORT Labyrinth factor used to compute nitrate 
flow by diffusion 
DIP Diffusion coefficient of nitrate in 
water 
DISP Dispersion coefficient of nitrate in 
water 
DNFM Rate of nitrification of fertilization 
IJENIT Amount of nitrogen denitrified 
NBTMIN Net gain in nitrate due to mineral­
ization and immobilization 
15 cm/day 
0.4 cm/day 
170 cm 
3.0 
0 . 8  
1.0 cm^/day 
4 cm 
80% within 20 days 
20% after 20 days 
0.003 mg N/cmZ/day 
0.003 mg N/cm^/day, 
4/15 to 6/3 
0.00115 mg N/cm^/day, 
4/1 to 4/14 and 
6/4 to 10/31 
• • Measured 
— Predicted 
Crop: Corn 
Year: 1974 
u. 
UJ 
-i 0.5 
i-
0.4 
0.3 
0 . 2  
0.0 "— 
April 1 July 1 August 1 Sept. 1 Oct. 1 Nov. 1 June 1 May 1 
DAYS OF THE YEAR 
Figure 1. Measured and predicted tile flow rates for the year 1974, Line No. 2 ,  Experiment Station 
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Table 5. Comparison of the measured and predicted discharge at the 
tile for 1974 calibrated period 
Days of the Measured tile flow Predicted tile flow 
month (centimeters) (centimeters) 
4/1 to 4/15 0, .92 1. ,04 
4/16 to 4/30 3. ,04 2. 19 
5/1 to 5/15 0. ,64 0. ,95 
5/16 to 5/13 6, 19 4, ,79 
6/1 to 6/15 4. , 14 4. ,06 
6/16 to 6/30 3, ,43 3, ,26 
7/1 to 7/15 0, ,24 1, 08 
7/15 to 7/31 0. ,00 0. ,00 
8/1 to 8/31 0, ,00 0. ,00 
9/1 to 9/30 0, .00 0, .00 
10/1 to 10/31 0, .03 0 .00 
11/1 to 11/15 0. 49 0, .96 
11/16 to 11/30 0 .09 0, .41 
Total 19 .21 18 . 74 
may result from lack of open-pan evaporation data which were available 
for only a few days during these months; therefore, constant rate 
évapotranspiration is assumed for these months, which may result in 
overprediction of tile flow rates. Also, the model assumes a daily 
but steady drainage process. In addition, most soils are layered. 
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each layer having a different value of lateral saturated hydraulic 
conductivity. Therefore, an effective hydraulic conductivity in the 
lateral direction is needed. Since the hydraulic conductivity used 
in the model is a calibrated value, it was considered as the effective 
lateral hydraulic conductivity for the entire soil profile. 
Other assumptions and approximations have been considered in 
the formulation of the simulation model. Underground geology of 
the soil profile of the study plots is also not clearly known, which 
raises further questions about parameters used to estimate deep 
percolation. In spite of the fact that soil is a very complex porous 
medium, the calibration process requires the model to give an estima­
tion of each parameter. 
Calibration of nitrogen transformation and 
transport component 
The hydrology component of the model was calibrated with the 1974 
tile flow data; therefore, it was decided to calibrate the nitrogen 
transformation and transport component of the model for a year when 
some of the data on profile concentrations were available to set up the 
2 
initial conditions. From the files of Baker (1979), partial data on 
profile nitrate concentration were available for years from 1974 to 1979. 
None of these data were taken on April 1, the day model simulation starts. 
December profile data were available for the years 1974 and 1975; these 
data were used for initializing the conditions for 1975 and 1976, 
^Data from the file of Dr. J. L. Baker, Department of Agricultural 
Engineering, Iowa State University, Ames, Iowa, September 1979. 
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respectively. In 1975, no fertilizer was applied as soybeans were grown 
during that year. Therefore, it was decided to use the data for the year 
1976 for calibration of nitrogen transformation and transport component. 
Another advantage of using the data for 1976 was that it was a compara­
tively dry year; therefore, the profile nitrate concentration data taken 
during December of 1975 would have changed little until April 1, 1976. 
The major processes used in the nitrogen transformation component 
were nitrification, mineralization and immobilization, denitrification; 
and diffusion, dispersion and mass flow in the nitrogen transport 
component. The various parameters to be calibrated are defined in 
Table 4. These parameters were TORT, DIP, and DISP. The various 
processes to be calibrated were DNFM, DENIT, and METMIN. Precipitation 
and open-pan evaporation data for the year 1976 were used as inputs 
to the model. The initial nitrate concentration in the soil profile 
for December, 1975 were taken from Baker (1979).^ After modifying these 
nitrate concentrations, the middle layers were used in the model. 
After many trial runs, the various parameters and processes were 
calibrated; the calibrated values are given in Table 4. Final cali­
brated values used were selected when the difference between the total 
measured nitrogen loss and the predicted loss for 1976 was reduced to 
1.25 kg/ha. After that a plot of measured and predicted daily nitrate 
concentrations of the tile water was made to compare the daily outputs. 
This plot is shown in Figure 2. Comparison of the daily nitrate concen­
trations of tile water gave a good correlation between the measured 
^Data from the file of Dr. J. L. Baker, Department of Agricultural 
Engineering, Iowa State University, Ames, Iowa, September 1979. 
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2. Measured and predicted NO^ -N concentration of the tile water for the year 1976, Line 
No. 2, Experiment Station 
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and predicted data. 
Some other parameters used in the nitrogen uptake process could 
have been calibrated, but it was decided to use the same parameters 
used by Duffy et al. (1975). The nitrogen simulation model is relatively 
simple but inexpensive to run. 
Evaluation of the Hydrologie Simulation Model 
To test the ability of the model to predict the system response, the 
model was tested with data from years other than the one used for cali­
bration. For this purpose, the hydrologie model was used to simulate 
data from Tile Line 2 for the years 1970, 1972, 1973, 1975, 1976, 1977, 
and 1978. Simulation began on April 1 and was continued until November 
30. Soil moisture data to be used in the model at the beginning of the 
simulation were not available for these years. Therefore, some assump­
tions were made, as explained earlier. 
The comparisons of the measured and predicted annual tile flows are 
given in Table 6. These comparisons indicate that predictions of tile 
flows are within 13 percent of the measured flows for all years except 
1970 and 1976 when the errors are slightly higher. The agreement between 
the predicted and measured flows is very good for wet years. The 
averages of measured and predicted flows for all eight years are com­
pared in Table 6. 
The daily observed and predicted flows from April 1 to November 30 
for the years 1970, 1972, 1973, 1975, 1976, 1977, and 1978 are plotted in 
Figures 3 through 9. There are some discrepancies between the 
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Figure 3. Measured and predicted tile flow rates for the year 1970 
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Figure 4. Measured and predicted tile flow rates for the year 1972 
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Figure 5. Measured and predicted tile flow rates for the year 1973 
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Figure 6. Measured and predicted tile flow rates for the year 1975 
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Figure 7. Measured and predicted tile flow rates for the year 1976 
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Figure 8. Measured and predicted tile flow rates for the year 1977 
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Figure 9. Measured and predicted tile flow rates for the year 1978 
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Table 6. Comparison of measured and predicted annual tile flow for 
eight years 
Year 
Measured 
tile flows 
(cm) 
Predicted 
tile flows 
(cm) 
Error 
(%) 
1970 9.37 11.03 + 17.1 
1972 17,03 17.74 +4.0 
1973 30.31 26.78 -11.6 
1974^ 19.21 18.74 -2.4 
1975 15.92 14.64 -8.0 
1976 8.10 7.76 -4.2 
1977 8.42 9.15 +8.7 
1978 11.07 12.64 +14.2 
Average 15.05 14.76 -1.9 
^Year of calibration. 
predicted and measured daily flow values. These discrepancies may be 
due to many factors. One major factor was the lack of complete field 
data. Three different crops, corn, soybeans, and oats, were grown 
during the eight years. Most of the crop growth and moisture uptake 
data on corn were available, whereas similar data on soybeans and oats 
were limited. In particular, very limited information was available 
in the literature on the évapotranspiration rates for oats. Some of 
the errors could be due to the under- or overestimation of soil parameter 
data, particularly for unsaturated conductivities, diffusivities, densi­
ties, wilting points, field capacities, and drainable porosity. It was 
observed (a sensitivity analysis which will be discussed later) that the 
saturation points for soils were probably underestimated. The flow pat­
tern in the model has been assumed to be one dimensional, though in 
reality it may be multidimensional flow. We also have no clear definition 
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of the boundary conditions below the tile area; the hydrologie activity 
around and below the tile pose a problem. Until all these factors are 
studied experimentally, very close correlation is not possible. 
A comparison of the measured and simulated peak flows indicates 
considerable error in simulation for certain storms. From personal 
experience we noted that tiles start running shortly after a heavy 
rain, even though the water table may be at or just above the tile on 
that day. Part of the infiltrated water apparently goes directly to the 
tile at locations where soil properties vary or water is ponded. A 
separate subroutine was added to the program to match the peak flows. 
In order to obtain the high peak discharges, some more direct input to 
the lines was required. This was done by "ponding" water in the model. 
If this model is to be used for other areas, this component will have 
to be adapted to the surface hydrology of the watershed. By studying 
the measured flow data, it was found that peak flows take place when the 
rainfall is more than 4 cms on a day for which antecedent soil moisture 
was high. The program is set to calculate runoff only when rainfall is 
more than 4 cm; about l/6th of the runoff is ponded on an area equal 
to 3 percent of the drained area and is allowed to flow down directly 
into the tile rather than raise the water table (found during calibra­
tion). This raised the simulated peak flows close to the measured flows. 
But for some years very high peaks were observed even when the rainfall 
was less than 4 cm and the simulated peaks were low on that day. 
This subroutine is not simulating true field conditions. More work on 
runoff and ponding is needed. 
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A better correlation was observed during the wet months than dur­
ing the dry months. The year 1970 was a relatively dry year; the 
largest error in the simulation results occurred during that year. About 
10 cm more rainfall fell in 1971 than in 1976, but only 0.1 cm of tile 
flow was observed in March of 1971. Since tile did not flow at all during 
1971, deep percolation loss out of the system had to be reduced to 1 cm 
for the year 1972 to bring the simulated results in close agreement 
with the measured flows. It is very difficult, if not impossible, to 
account for all the factors which occur in nature that affect the 
tile discharge in a deterministic model. 
Some of the discrepancies between the measured and simulated values 
for the months of April and November may be due to incorrect estimates 
of évapotranspiration in those months since open-pan evaporation data 
were not available for that period. The model was calibrated to calcu­
late about 56 cm of évapotranspiration during the simulation period, 
but évapotranspiration may actually be slightly higher or lower for a 
given year. Some error could be due to the deep percolation component 
of the model. The model calculates deep percolation equal to about 60 
to 80 percent of the tile discharge. This may not be true under field 
conditions. If deep percolation is underestimated, évapotranspiration 
may be overestimated. All these processes introduce possible 
discrepancies. 
A comparison of the predicted nitrate-nitrogen concentrations in the 
tile effluent and the measured values for the years 1970, 1972, 1973, 1974, 
1975, 1977, and 1978 are given in Figures 10 through 16, respectively. 
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1. Measured and predicted NO. -N concentration of the tile water for the year 1972 
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Figure 13. Measured and predicted NO^'-N concentration of the tile water for the year 1974 
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14. Measured and predicted NO,-X concentration of the tile water for the year 1975 
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13. Measured and predicted NO^ -N concentration of the tile water for the year 197" 
26 
2* 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
• • Measured 
— Predicted 
Crop: Corn 
Year: 1978 
• • 
_L 
_L 1 _L 
il 1 May 1 June 1 July 1 August 1 Sept. 1 Oct. 1 Nov. 1 
DAYS OF THE YEAR 
Measured and predicted NO^ -N concentration of the tile water for the year 1978 
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The comparison between the predicted and measured total nitrogen losses 
for various years is given in Table 7. The comparisons made in Table 7 
indicate that predicted nitrogen losses are within 18% of the measured 
losses except for the year 1974. Figures 10 through 16 show the rela­
tionship of the predicted curves relative to the measured values; 
some major discrepancies persist for some years. When nitrate 
losses are averaged over a period of eight years, an error of 3.1 per­
cent is observed between measured and simulated values (Table 7). 
Table 7. Comparison of measured and predicted nitrate loss along 
with tile water 
Year 
Measured 
nitrogen loss 
(kg/ha) 
Predicted 
nitrogen loss 
(kg/ha) 
Error 
(%) 
1970 14.9 17.56 + 17.9 
1972 40.9 38.71 -5.4 
1973 50.0 49.85 -0.3 
1974 30.1 46.46 +54.4 
1975 38.5 31.31 -18.7 
1976* 20.9 19.65 -6.0 
1977 16.8 16.95 +0.9 
1978 20.6 19.70 -4.4 
Average 29. 1 30.02 + 3.2 
^Year of calibration. 
Lack of initial soil moisture and initial nitrate concentrations 
in various soil layers as inputs made it difficult to calibrate 
4 
this component of the model. Baker's (1979) profile data on nitrate 
concentrations showed wide variations. Therefore, initial nitrate 
^bata from the file of Dr. .J. I.. Baker, Department of Agricultural 
Engineering, Iowa State University, Ames, Iowa, September 1979. 
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concentrations in various layers had to be estimated. This estimate 
could introduce errors. 
Most of the processes used in the nitrogen simulation were empiri­
cal; these processes could also introduce errors. The model behaves as 
a steady state process during a time increment. It has been recognized 
that true steady-state conditions seldom prevail in nature; the devia­
tions from steady state are probably no greater in magnitude than the 
variations in the biological responses usually obtained experimentally 
(Duffy et al., 1975). 
Fertilizer applications dates could not be confirmed; however. May 1 
was within 30 days of application of the date of fertilizer application. 
This could have had some effect on the predicted nitrate concentrations 
of tile effluent and profile nitrate concentrations. The predicted 
and observed profile concentrations for six days when data were available 
are plotted in Figures 17 through 22. Figures 18, 19, and 20 are three 
plots within the year 1975. These plots show close agreement between 
the measured and predicted data. The sequence of nitrate profiles, par­
ticularly those in Figures 18 through 20, demonstrate the dynamic 
development, transformation, movement, and dissipation of nitrate 
profiles. These profiles reflect the combined effects of various 
processes considered in the formulation of the model. Figure 21 shows 
very high NO^-N concentrations near the soil surface about seven months 
after fertilizer application. One of the explanations for the very high 
NOj-N concentrations near the surface is that more than 90 percent of 
rainfall occurred before July 28. (Therefore, most of the nitrate did 
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not move down.) Figure 22 shows the nitrate concentrations on June 3 
for the year 1977. Again, very high nitrate concentrations are found 
near the surface. This shows that nitrate from the upper layers did 
not move much during winter months. IVhatever movement may have taken 
place was the result of diffusion and mass water transport. 
The predictions of the model are encouraging, considering the com­
plexity of the system modeled. If the experimental relationships de­
scribing the falling water table and tile discharge, as well as precip­
itation and the rising water table were better understood, improved 
predictions may be possible. Better experimental data to calibrate 
and verify the model are needed for more accurate prediction and 
hypothesis testing. 
Sensitivity Analysis 
In this section, a sensitivity analysis of the model is presented 
to determine how the model reacts to variation in selected parameters. 
Due to the computer costs involved, the sensitivity analysis was con­
ducted only for the year of 1974. The main objective of this analysis 
is to identify sub-systems in the model in which further refinements 
are needed to improve model performance. 
The essence of sensitivity analysis is to introduce small perturba­
tions in the various processes and parameters of the model and to study 
their relative effects on the output variables of interest. Two main 
output variables selected for the sensitivity analyses are the total 
tile flow volume and the cumulative nitrate loss for one year. The 
Figure 22. Nitrate concentrations as a function of depth 
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numerical value of the processes or the parameters under study were 
either increased or decreased by 10 and 50 percent of its calibrated 
value. The effect of this change was then presented on graphs to show 
how selection of a parameter affects the output. 
Sensitivity of model to tile flow 
The most important parameters in the prediction of tile flow 
volume are initial water content in soil layers, initial water table 
depth, and the processes that calculate the unsaturated flow rates, 
saturated flow rates and évapotranspiration. Setting the water table 
at tile depth at the beginning of the season was an approximation. 
In some years the tile was flowing on the beginning day of simulation, 
an indication that water table was above the tile depth, and for other 
years tiles were not flowing, an indication that water table was below 
the tile. Similar difficulty was faced in setting a single initial 
moisture content for each layer. Therefore, the sensitivity analysis 
was conducted for three model processes and a single model parameter to 
show the effect of a change in value on the output of tile flow volume. 
Figure 23 gives the parameter and process sensitivity to the tile flow 
volume. 
From Figure 23 it is clear that lateral hydraulic conductivity has 
the greatest effect on the predicted tile flow. When the hydraulic con­
ductivity was increased by 10 percent of its calibrated value, 8.7 per­
cent increase in tile flow was obtained, and when hydraulic conductivity 
was increased to 50%, an increase of 43.5 percent was obtained. 
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Therefore, an accurately determined value of hydraulic conductivity would 
improve the predicted tile flow rates. But since hydraulic conductivity 
may vary with time and space, it may be quite difficult to obtain an 
accurate value experimentally. 
Evapotranspiration is another important process influencing the tile 
flow rates. By increasing the évapotranspiration by 10 percent, a de­
crease of 4.2 percent in tile volume is obtained. Further, an increase 
of 50 percent in évapotranspiration results in decreasing the tile volume 
by 22.2 percent. Since évapotranspiration changes with time, its effect 
on model response may not be the same throughout the growing season. 
Therefore, this parameter may be more or less significant in the begin­
ning or latter part of the growing season. 
An increase of 10 percent in deep percolation brings a reduction of 
7.7 percent in tile flow, and an increase of 50 percent in deep percola­
tion brings a reduction of 26.5 percent in tile flow. This shows that 
deep percolation is an important process about which very little is known. 
In fact, we do not know whether deep percolation and/or lateral seepage 
is taking place in the area. It was decided to add this process into the 
model after looking at the long-term data (for 27 years) on évapotran­
spiration tor Iowa as shown by Shaw (1974). These long-term data show 
that évapotranspiration for Iowa varies from 52.37 cm to 55.96 cm for 9 
selected stations. Since the model évapotranspiration predictions are 
close to this range of values and good measured tile flow data were 
available, a judgment was made on the deep percolation process. Exper­
imental measurements of water table depths at different times of the year 
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could verify whether deep percolation or lateral seepage is taking place 
in the study area. 
The effects of parameters such as diffusivity and unsaturated conduc­
tivity were studied together and are shown in Figure 23. When the esti­
mated values of conductivity and diffusivity are increased by 10 percent, 
tile flow is decreased by 2.8 percent. Also, a decrease of 12.5 percent 
in tile flow is predicted when conductivity and diffusivity values are 
increased by 50 percent. It should be pointed out that several factors 
affect the water content in the unsaturated region and only the combined 
effects of unsaturated hydraulic conductivity and diffusivity are studied 
here. Other factors have to be reviewed in more detail to determine the 
changes to be made in the unsaturated flow predictions. 
Sensitivity of the model to cumulative 
nitrate loss in tile water 
Though all the parameters which affect the tile flow rate will also 
affect the nitrate concentrations in tile water, there are some parame­
ters such as diffusion coefficient, dispersion, fertilizer application 
rate, and some processes such as nitrification, mineralization, nitrate 
uptake by plants and denitrification which have a significant influence 
on the prediction of nitrate loss in tile water. All these parameters 
and processes are studied here to view their effect on nitrate loss 
through tile water. Figure 24 shows the percent change in nitrate loss in 
tile water when indicated parameters are changed by 10 and 50 percent. 
As indicated in Figure 24, nitrogen uptake, mineralization, and 
denitrification do not have much effect on the cumulative loss of 
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fertilizers. But nitrification, hydraulic conductivity, fertilizer 
application rates, deep percolation, évapotranspiration, and unsaturated 
conductivity and diffusivity have significant effects on the predicted 
loss of nitrates. With 10 percent increase in the calibrated value of 
hydraulic conductivity, an increase of 7 percent in nitrate loss with 
tile water was predicted. With 50 percent increase in hydraulic con­
ductivity, an increase of 34.6 percent in nitrate loss was predicted. 
This is mainly because of the fact that more tile flow is predicted. 
When évapotranspiration, deep percolation, conductivity and diffusivity 
arc increased by 10 percent, a decrease of 5.5, 5.6 and 2.8 percent 
nitrate loss is predicted, respectively. This again is because a 
decrease in tile flow rate is predicted. 
Other parameters like dispersion and diffusion coefficients were 
also analyzed separately. With an increase of 10 percent in the value 
of the dispersion coefficient, an increase of 0.15 percent was noted; 
whereas with a 50 percent increase in the value of dispersion coeffi­
cient, an increase of only 0.64 percent was noted in the nitrate loss. 
The effect of the diffusion coefficient was found to be negligible. 
The list of parameters and processes used in the sensitivity 
analysis is not complete. The sensitivity analysis shows the particular 
facets of the model which either need further improvement or more 
accurate input information. 
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RECOMMENDATIONS FOR FUTURE WORK 
The model in its present form is not capable of simulation through 
the winter period and early spring snowmelt. The next research effort 
should be the addition of a snow accumulation sublimation and snowmelt 
component to the model. This would permit year-around operation and 
simulation of surface runoff and other water movement processes in soil 
profile. 
The sensitivity analysis has shown that the model predictions are 
quite sensitive to hydrologie parameters. Field values for some input 
data required by the model are scarce. The soil characteristics need to 
be investigated more thoroughly to provide better values for simulation. 
Most soil characteristics and parameters used in the model are now esti­
mated from very limited field data. Refinement of the hydrologie proc­
esses of water flow, redistribution and evaporation are needed to improve 
the predictions of unsaturated flow. This requires good field data. 
Another area for which more information is needed is the hydrologie 
activity in levels below the tile. A deep percolation component was 
added to the model, but the relative amounts of lateral flow and deep 
percolation need to be defined. 
One of the weakest components in the model is the runoff process. 
A method developed by Shaw (1963) was used with slight modifications in 
the model. This method is empirical and approximate. Since our water­
shed was quite flat, it worked reasonably well. A better method is 
needed to calculate the runoff so that this model could be applied to 
other watersheds. Because of lack of field data, this component could 
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not be verified. 
Further investigations are needed to find the root growth parameters 
of the oat crop. Also, field data are needed to verify the crop develop­
ment évapotranspiration ratio for oats. Investigations are also needed 
to predict the évapotranspiration rate for the months of April and 
November when open-pan evaporation data are not available. 
For nitrogen simulation empirical relationships are used. Some of 
these processes are not very well-understood. Literature is also 
limited on some of these processes. Therefore, better theoretical, 
experimental or empirical equations are needed to represent the bio­
chemical processes of nitrification, mineralization, nitrogen fixation 
by soybeans, and denitrification. 
Efforts are needed to develop a program for the continuous simula­
tion of the watershed on a yearly basis so that the data inputs needs 
for the beginning of the subsequent years could be minimized. Also, 
the program should be designed to do long-term simulation. This will 
aid in use of the model for planning and management practices. 
The data from Tile No. 1 at the study site are available for dif­
ferential fertilization. The next effort should be to use these data 
to test the validity of the model for differential fertilization. This 
would define the applicability of the model and point out further 
developments which may be needed for practical use of the model by in­
dividuals or agencies as a tool in planning and design. 
Some efforts are needed to further improve the computer program. 
Much of the computer execution time is spent in iteration routines. 
180 
It would be worthwhile to eliminate or change some of the iteration 
routines of the program. The program should also be designed to 
handle the multiple crops. The present capability of the program is 
to simulate corn and soybean crops individually. 
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SUMMARY AND CONCLUSIONS 
A physically based computer simulation model was developed, cali­
brated and evaluated by use of data from the Agronomy and Agricultural 
Engineering Research Center near Boone, Iowa. The model predictions 
agreed well with the measured values of tile discharge on an annual basis. 
Comparisons indicate that the predictions of tile flows (annual volumes) 
are within 17 percent. The agreement is best for wet years. The dif­
ferences between the measured and predicted values indicate that the 
hydrology of the area is not fully understood. Three percent of the total 
area was assumed to contain depressions which increased, as modeled, the 
simulated peak tile flows to the measured flows. Groundwater hydrology 
of the area was approximated by assuming the depth to the nearby imperme­
able layer and deep percolation loss through this layer. 
Experimentally determined soil water properties such as saturation 
points, hydraulic conductivities, water table depths are necessary to 
attain simulation accuracy. Sensitivity analysis showed that a 50 per­
cent increase in the value of hydraulic conductivity increased tile flow 
(volume) by 44 percent. An increase of 10 percent in deep percolation 
results in a reduction of 7.7 percent in tile flow. Deep percolation 
is an important process in the system about which very little is known. 
Improving soil property data would improve the hydrologie predictions. 
The comparison between the predicted and measured total loss of 
nitrogen for various years shows that the predicted nitrogen losses 
are within 18 percent of the measured losses except for the year 1974. 
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IVhen nitrate losses arc averaged over a period of eight years, an error 
of 3.2 percent is observed between measured and predicted values. About 
30 kg/ha/yr of nitrogen loss was observed when losses are averaged over 
eight years. Lack of initial yearly soil moisture and initial nitrate 
concentrations in various soil layers made it difficult to calibrate 
accurately the nitrate concentrations in the water. 
For nitrogen simulation, the processes of nitrification, mineral­
ization, nitrogen uptake, and nitrogen fixation by soybeans needs 
further study. Sensitivity analysis shows that the nitrification 
process has a significant effect on the predicted loss of nitrates. 
Processes like mineralization, nitrogen uptake and nitrogen fixation 
by soybeans need better representation. 
This study aided in understanding the interactions between water 
and nitrate flows. As the researchers are able to define better the 
various processes in the system, models will provide useful predictions. 
The geometry and properties of the subsoil flow system may never be 
accurately defined. 
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OVI;RAI,L SUMMARY 
A mathematical model has been developed to predict the concentra­
tion of nitrates within the soil profile from a single time 
application of fertilizers on the ground surface. The validity of 
this model has been supported by comparison of the results with the 
published experimental data. 
A second mathematical model has been presented to compute the 
relative nitrate concentrations within the soil profile for any 
time and known values of the diffusion coefficient and the average 
pore solute velocity. This model provides results which correlate 
well with experimental data. 
A computer simulation model has been developed to predict the 
nitrate concentrations in the tile effluent as a function of the 
fertilizer application rates and climatic conditions. The model 
predictions agree reasonably well with the measured field data on 
an annual basis. It has the flexibility to accommodate the dif­
ferent tile design parameters. It can be used for any soil having 
flat topography with minor changes in the moisture subroutines. 
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APPENDIX A: 
MODEL PROGRAM LISTING 
c 
c 
c 
c 
c 
c 
c 
c 
L 
c 
c 
c 
c 
L  
c 
C  
C  
C  
c 
c 
c 
c 
c 
c 
c 
L 
c 
c 
c 
c 
c 
P E R C Û L A T I C N  
P E R C Û L A T I O N  
A  M A T H E M A T I C A L  M C O E L  F O R  T H E  S I M U L A T I O N  O F  T I L E  C H A I N A G E  A N D  T H E  
N I T R A T E  C C N C E N T R A T I C K S  I N  T h E  T I L E  E F F L U E N T  -  R A M E S H W A R  S  K A N M A R  
P A R A M E T E R  I D E N T I F I C A T I O N  
A  =  F L A G  T O  C H E C K  I N P U T  P A R A M E T E R  C A R D S  I N  T H E  M A I N  P R O G R A M  
A F G E N  =  
A R E A  -
A R G  =  
A d  =  
A C  =  
A O N  2  =  
ARUNOF= 
A V C  =  
A V D  =  
A V G F L  =  
A V G N I T =  
C O U C  =  
C N U R T  =  
C N l ) R T X =  
C N O R T Y =  
C N O X  =  
C N O Y  =  
C N 0 2  =  
C N U R X  =  
C N O R V  =  
C N O R M  -
C O R N  -
O A R E A  =  
D A T E S  =  
O C O R N  =  
F U N C T I O N  R O U T I N E  U S E D  F O R  I N T E R P O L A T I O N  
A R E A  O f  W A T E R S H E D . H E C T A R E  
A R G U M E N T  U S E D  I N  A F G E N  
P A R M E T E R  T O  C O N S I D E R  D E E P  
P A R M E T E R  T O  C O N S I D E R  D E E P  
C U M U L A T I V E  D E E P  P E R C C L A T I O N , C M  
C U M U L A T I V E  R U N O F F . C M  
A V E R A G E  C O N D U C T I V I T Y  B E T W E E N  T W O  c A Y E R S , C M / D A Y  
A V E R A G E  D I F F U 5 I V I T Y  B E T W E E N  T W O  L A Y E R S . S C L A R E  C M / D A Y  
F L O W  R A T E  O U T  O F  T H E  T I L E  P E R  D A Y , C M / J A Y  
N I T R A T E  C O N C E N T R A T I O N  I N  T I L E  F L C W , M G N / C C  
H Y D R A U L I C  C O N D U C T I V I T Y .  C M / D A Y  
D U M M Y  V A R I A B L E  
I N  C O R N  F I E L D , M G N / C C  
I N  S O Y B E A N  F I E L D , M G N / C C  
C N O H T X  
C N O R T y  
C N 0 R T 2  
C O N C E N T R A T I O N  I N  
C O N C E N T R A T I O N  I N  
o 
N I T R A T E  
N I T R A T E  
F L A G  T C  
F L A G  T O  
F L A G  T O  
A V E R A G E  
A V E R A G E  
A V E R A G E  
C O N C E N T R A T  I O N  
C O N C E N T R A T I O N  
C H E C K  I N I T I A L  
C H E C K  I N I T I A L  
C H E C K  I N I T I A L  
N I T R A T E  
N I T R A T E  
C O R N  F I E L C , M G N / C C  
S O Y B E A N  F I E . M G N / C C  
N 0 3  C O N C .  B E L O W  l O T H  L A Y E R . M G N / C C  
T H E  F R A C T I O N  O F  L A N D  U N D E R  C O R N  
A R E A  O F  W A T E R S H E D .  H E C T A R E S  
D A Y S  O F  T H E  Y E A R . C A Y  
F R A C T I O N  O F  L A N D  U N D E R  C O R N  
**** MAIN PROGRAM ***$ 
L  CEPTH = DEPTH OF TILE BELOW THE GROUND SURFACE* CM 
C DEN: T = AMOUNT OF NITROGEN THAT IS DENITRLF I ED *MGN/CC 
C  DFL = SUM OF DIFFUSION AND DISPERSION FACTORS.MGN/DAY/SQ.CM 
C  OHARVT DAY OF HARVESTING,CAY 
c  OIF - DIFFUSION COEFFICIENT OF NITRATE IN WATER CAUSING 
c  NITRATE FLO#.SO.CM/DAY 
c  OISP = DISPERSION COEFFICIENT OF NITRATE IN WATER. CM 
c  DIVIDE PROPORTION OF SURFACE RUNOFF COLLCCTEO IN DEPRESSIONS 
c  DNFM = RATE OF NITRIFICATION OF FERTILIZER.MUN/DAY/SC.CM 
c  DNTUP = RATE OF NITROGEN UPTAKE.MGN/SU.CM/DAY 
c  DP = CRAINABLE POROSITY 
c  DPLANT = DAY OF PLANTING 
L  DRAIN THE RATE OF TILE DRAINAGE, CM/CAY 
c  DRTGR = ACTUAL MATE CF ROOT GROWTH, CM/DAY 
c  OSB = FRACTION OF LAND UNDER SOYDEAN 
c  DY = EXPONENT OF DIFFOSIVITY 
L ET = TOTAL AMOUNT OF EVAPCTRANSPIRATICN, CM/DAY 
L ETL = EVAPCTRANSPIRATICN FROM EACH SOIL LAYER,CM/DAY 
L  F - WEIGHTING FACTORS FOR EACH LAYER 
C  FERT = RATE OF FERTILIZATION, KG/DAY 
c  FERTM = DAY OF FERTILIZATION,DAY 
c  FLOW = DISCHARGE RATE OF WATER AT TILE,CM/DAY 
c  FLRN = TOTAL FLUX OF NITRATE FOR EACH LAYER,MGN/SO.CM/DAY 
L  FLRF = FLOW OF WATER FOR EACH LAYER, CM/JAY 
C FRT = AMOUNT OF FERTILIZER APPLIED.K G/MACTARE 
c  OR = PLANT GROWTH RATE. KG/HA/DAY 
c  GRAX = X  OF AVAILABLE MOISTURE VALUES(X-AXLS » 
c  GRAIX = DAY OF THE YEAR.DAY 
c  HARVT - DAY OF HARVEST.DAY 
c  HOC — HYDRAULIC CONDUCTIVITY. CM/CAY 
c  HORAIN 1 =  DEPTH OF IMPERMEABLE LAYER BELOW THE TILE. CM 
c  HEAD = POOL OF WATER WHICH FORMS AT THE SOILS SURFACE.CM 
c  HEAD A = DUMMY VARIABLE 
c  MYDC = INITIAL DEPTH OF WATER TABLE, CM 
***$ MAIN PROGRAM $*** 
c H I  = L O G I C A L  V A R I A B L E  A R R A Y  
c H 2  L O G I C A L  V A R I A B L E  A R R A Y  
c I C R O P  = V A L U E  O F  I T C R O P  
c :c = N U M B E R  O F  T I M E S  C O R N  H A V E  B E E N  F E R T I L I Z E D  
c l O A Y  = N U M B E R  O F  D A Y S  F O R  T H E  M O D E L  I S  S P E C I F I E D  T O  R U N  
L  l O I M  = D U M M Y  V A R I A B L E  
C I F O P M  = F L A G  T O  C H E C K  T H E  F O R M A T  
c I F  = T O T A L  N U M B E R  O F  F E R T I L I Z A T I C N  O A T E S  
c I G l  N U M B E R  O F  V A R I A B L E S  T O  B E  P R I N T E D  
c IGR — I D E A L  G R O W T H  R A T E . K G / H A / D A Y  
c l H £ A O  = I N D E X  F O R  H E A D  
c J A  - I N D E X  
c J B  = I N D E X  
c I K  = S O I L  L A Y E R  I M M E D I A T E L Y  A B O V E  T H E  W A T E R  T A B L E  
c I K X  = N U M B E R  O F  L A Y E R S  A B O V E  T H E  W A T E R  T A B L E  
c I L  = F I R S T  L A Y E R  I N  T H E  W A T E R  T A B L E  
c I M  = S E C O N D  L A Y E R  I N  T H E  W A T E R  T A B L E  
c I N T  = I N T E R V A L S  P E R  D A Y  
c. I S M  = C O U N T E R  
c I T C R O P  ' =  T A K E S  O N  I  C R  2  
c 1  O H  n  F L A G  
c I X  - L O W E S T  L A Y E R  I N  T H E  R O C T  Z O N E  
c I X Z l  = C U M M Y  V A R I A B L E  
c I X Z 2  = D U M M Y  V A R I A B L E  
c K Y  = E X P O N E N T  V A L U E S  F O R  H Y D R A U L I C  C O N D U C T I V I T Y  C U R V E  
c M F L  = M A S S  F L O W  O F  N I T R A T E  T H R O U G H  T H E  S O I L  
c M O X  = P A R A M E T E R  U S E D  F O R  C O R N  G R O W T H  
c M O Y  = P A R A M E T E R  U S E D  F C R  S O Y B E A N  G R O W T H  
c M R X  = P A R A M E T E R  U S E D  F O R  C C R N  R O O T  G R O W T H  
c M R  Y  = P A R A M E T E R  U S E D  F O R  S O Y B E A N  R O O T  G R O W T H  
c N F L R N  = N E T  N I T R A T E  F L O W .  M G  N / D A Y / S O . C M  
c N F L H T  = N E T  F L O W  O F  W A T E R .  C M / D A Y  
c N I  T O O T  C U M U L A T I V E  N I T R A T  L O S S  T H R O U G H  T H E  T I L E .  K G / H A  
c N I T U P  = C U M U L A T I V E  N I T R A T  U P T A K E  G Y  P L A N T S *  K G / H A  
c N O R N  = N I T R A T E  C O N C E N T R A T I O N  I N  R A I N .  M G  N / C C  
c N T R A T  N I T R A T E  F O R M E D  D U E  T C  N I T R I F I C A T I O N .  M G  N / S Q  •  C M  
**#$ MAIN PROGRAM 
C NTRT = NITRATE IN EACH LAYER, MG N/SQ.CM 
V, LET = OPEN-PAN EVAPORATION, CM/DAY 
L OPTYX = OPTIMUM FRACTION OF NITROGEN. 
C CPTXX = DAY OF THE YEAR FOR CPTYX, CAY 
C CPTXY = DAY OF THE YEAR FOR CPTYY. DAY 
L LPTYY = OPTIMUM PERCENT OF NITROGEN IN SOYBEAN 
C OSM = SOIL MOISTURE ON PREVIOUS DAY 
C PAM = PERCENT AVAILABLE MOISTURE 
C PATN = HATER EXTRACTION PATTERN FRCM SOIL FOR ET 
C PER = NET AMOUNT CF FLO* TC THE TILE, CM/DAY 
L PLANTX= CAY OF PLANTING OF CORN. DAY, 
C PLANTY= DAY OF PLANIING OF SCYBENTS, DAY 
C PLGR = CUMULATIVE CROP GROWTH, KG/HA 
C PREC = AMOUNT OF PRECIPITATION, CM 
C RATIO = CROP DEVELOPMENT RATIO 
C RUNOFF: SURFACE RUNOFF, CM 
C RZONEX= CUMULATIVE ROOT GROWTH FOR CORN, KG/HA 
C RZCNEY= CUMULATIVE ROOT GRCWTH FOR BEANS,KG/HA O 
L SB = FRACTION OF LAND UNDER SOYBEANS 
C SLIVER= AMOUNT OF DRAINAGE FROM TOP TEN LAYERS,CM/DAY 
C SOILM = SOIL MOISTURE. CM 
C SOILM2= SOIL MOISTURE IN DEPRESSION AREA, CM 
C SOILMK= SOIL MOISTURE IN IITH LAYER, CM 
C SPACE = SPACING BETWEEN THE TILES, CM 
C SPEC = INDEX 
C ST«TSL= HIGH STRESS FACTOR PRIOR TO AUGUST 1 
C STRES2= AVG. STRESS FACTOR PRIOR TO AUGUST 1 
C STRESL= LOW STRESS FACTOR PRIOR TO AUGUST I 
C T = CAY OF THE YEAR, CAY 
C TOENT = TOTAL OENITRIFICAT ION, KG/HA 
C T0N2 = TOTAL DEEP PERCOLATION,CM 
C TEMP = AVGERAGE SOIL TEMPERATURE AT 10 CM DEPTH, C 
C TET = TOTAL EVAPOTRANSPIRATION,CM 
C TFLOW = TOTAL TILE DRAINAGE,CM 
C TILE = FRACTION OF LAND UNDER OEPRESSIUNAL AREAS 
***$ MAIN PROGRAM **$* 
c T O R T  =  
c T P R E C  -
C  T R E S S 1 =  
C T R E S S 2 =  
c T R E S S 3 =  
c T R U N O F =  
c W  =  
C II M •
 
M 
c W 3 . W 4  =  
L  W C  -
c W C F C  
c * F  =  
c W I L T  =  
c W O R M  =  
c W T B  =  
c W X  =  
c Y O  =  
c Y R  =  
c 
c #*****$*** 
c 
c 
c 
F A C T C R  U S E D  F O R  D I F F U S I O N  P f i U C t S S  
T O T A L  R A I N F A L L , C M  
H I G H  S T R E S S  F A C T O R  U S E D  A F T E R  A U G U S T  I  
A V G .  S T R E S S  F A C T O R  A F T E R  A U G U S T  1  
L O W  S T R E S S  F A C T O R  A F T E R  A U G L S T  1  
T O T A L  R U N O F F , C M  
S U M  O F  M A T E R  C O N T E N T S  I N  R O O T  Z O N E  
W E I G H T I N G  F A C T O R S  
W E I G H T I N G  F A C T O R S  
W A T E R  C O N T E N T  O N  A  V C L U M E  H A S I S  
F I E L D  C A P A C I T Y  O N  A  V O L U M E  B A S I S  
W E I G H T I N G  F A C T O R  
W I L T I N G  P O I N T  O N  A  V C L U M E  B A S I S  
T O  C O N S I D E R  W O R M  H O L E S , F A C T O R  
W A T E R  T A B L E  D E P T H ,  C M  
S U M  O F  F I E L D  C A P A C I T Y  I N  R O O T  Z O N E  
P A R A M E T E R  U S E D  I N  P L A N T  G R C W T H  
P A d A M E T L R  F O R  R C C T  G R C W T H  
* * * * * * * * * * * $ * * * * * * * * * * * * * * * * * * * * # * * $ * * * * $ * * * * * * * * * * * * * * * * * $  
* * * *  M A I N  P R O G R A M  * * * *  
I M P L I C I T  3 E A L * 4  ( A - H , J - Z )  
C O M M C N  / C O M A /  
»  D P . H E A D , I h E A O , O E T , T , T E M P , W T F C ,  F ( 1 0 ) , G R A 6 ( 9 ) . L G H T ( 9 ) , W C F C ( 1 0 )  
C O M M O N  / C O M B /  A R E A , C O R N . M T O c T ,  
*  I T C K O P . T I L E , C N O R T 2 < 1 0 ) , F L R T 2 ( 1 1 ) . S 0 1 L M 2 ( 1 0 ) , W C 2 ( 1 0 )  
C O M M C N  / C O M C /  P R E C , R U N O F F , T A I R ,  
*  X X ( 1 0 ) . O Y ( 1 0 ) , K Y ( 1 0 > . O P T X X I 7 ) , O P T X Y ( 7 ) , O P T Y X ( 7 ) . 0 P T Y Y ( 7 ) , W I L T ( 1 0 )  
C O M M C N  / C O M D /  C N O R W ,  
*  D E N I T , D I F , D I S P , N O R N , S O I L M W , T O R T , W T S A T , N T R T 2 (  1 0  )  , W F (  1 0 )  
C O M M C N  / C O M E /  C N O R Z , D R A l N X . D R A l N Y , F L O W . I K X . I K Y . S E ,  
$  C N O R T X (  1 0 ) , C N O R T Y (  1 0 ) , F L R N X *  1 1 ) . F L d N Y I 1 1 )  , F L R T X ( 1 1 ) , F L R T Y ( 1 1  )  
****  MAIN PROGRAM **** 
C C M M C N  / C O M F /  
1  d L X « M L X . 3 0 X . M 0 X , Y 0 X . B R X . M R X . V R X . 8 T X . H T X i P A M X .  F E K T M X . F E R T X ,  
2  H A R V T X . N I T U P X , N T R A T X . P L A N T X . P L G R X , R Z C N E X , * T B X , O N T U P X ( 1 0 ) «  
3  N T K T X i 1 0 ) . S O l L M X i 1 0 ) « M C X i 1 0 ) •  T O E N T X  
C C M M C N  / C O M G /  
1  B L Y , M L Y . 8 0 Y , M 0 V , Y C Y , B R V , M R Y , Y R Y , 8 T Y , M T Y , P A M Y ,  F E R T M Y . F E W T Y ,  
2  M A R V T Y . N I T U P Y . N T R A T Y . P L A N T Y . P L G R Y , R Z O N E Y , * T B Y , C N T U P Y ( 1 0 ) ,  
3  N T R T Y C  1 0 ) . S O I L M Y (  1 0 )  . W C Y (  1 0 ) .  T D E N T Y  
C 
C  
C  A A  =  S T O R A G E  F O R  P L O T T I N G  
C  F G  =  D E F A U L T  F O R M A T  F O R  R E A D I N G  I N  k E A T h E R  D A T A  
C  
c 
c 
C C M M O N  / C C M I /  A A ( 8 0 3 0 ) . I N P  
C C M M C N / C C M J /  
I H O C * D E P T H . H Û R A I N « S P A C E . M Y D C . W O R M . O f  V I D E , J A . J t i . A E . A C  
L O G I C A L * 1  F C ( 3 2 ) / * ( 2 7 X , F 3 . 2 . j X , F 2 . 0 . 2 X . 2 F 3 . 0 . F 3 . 2 > * /  
0 I M E N 3 I C N  E T L X ( I O ) . E T L Y ( 1 0 ) . F f i T M X t  3 ) . F H T M Y ( 3 ) , F R T X ( 3 ) , F R T Y ( 3 )  
D I M E N S I O N  C R O P ( 2 ) . C N O R T (  1 0 ) . I X Z 1 { 6 )  •  I X 2 2 (  1 4 )  
D A T A  C R O P i 1 ) / * C O R N * / . C R C P ( 2 )  /  ' B E A N '  / .  H E A D A  /  « H E A D *  / .  
1  S P E C / ' S P E C ' / . A R E A A / ' A R E A ' / .  
2  C N 0 X / ' C N O X ' / . C h 0 Y / * C N 0 Y * / . C N 0 2 / ' C N 0 2 ' /  
D I M E N S I O N  I M A G E ! 2 0 )  
D I M E N S I O N  A V ( 1 2 ) . R 1 ( 1 2 )  
C  
c 
L 
C  R E A D  I N P U T  D A T A  U S I N G  L I B R A R Y  S U B R O U T I N E  
C  
C  * * * * * $ * $ * * * * * * * * # $ * * * $ * * * * * $ * * * * * * * * * * * $ * * * » * * * * * * * * * * * * * * * * * * * *  
c 
R E A 0 ( 5 . 1 2 0 )  O I F . D I S P . T O R T . D P . M T S A T . D E N I T . C N O M M . k T F C  
***$  M A I N  P R O G K A M  **#* 
R E A D ( 5 , 1 2 1 )  1 T C R O P » I H E A C t N O R N  
R E A D ( 5 « 1 2 2 )  W T Q X , « T e Y . F Ê R T X . P L A N T  X , P L A N T Y . H A R V T X t H A R V T Y , A R E A , T I  L E  
120 FORMAT*LOFLO.A) 
1 2 1  F C R M A T ( 1 0 1 1 0 )  
122 FORMAT*ICFIO.4) 
W R I T E ( 6 » 1 2 0 ) O I F . O I S P * T O R T . O P . W T S A T . O E N 1 T . C N O K W .  b T F C  
« R 1 T E ( 6  *  1 2 1  ) I T C R O P . 1 H E A D « N O R N  
* H I T E ( 6 . 1 2 2 ) W T B X . k T B Y . F E P T X , O L A N T X , P L A N T Y . H A R V T X . h A R V T V . A R E A , T I L E  
T  =  0 .  
H E A O = 0 .  
C 0 R N = 0 . 9  7  
T I L E = 0 . 0 3  
A R E A = G . 4 2  
S O I L M W = t l T S A T # (  M O R A I N + O E P T H -  1  5 0 .  I  
0 0  1 0  1 = 1 , 5  
tSJ 
C  * F = W E I G H T I N G  F A C T O R  F O R  N I T R A T E  F L O W  S  
C  
W F ( I )  =  0 . 9  
1 0  W F ( I + S )  =  0 . 9  
C  
C  F = W E I G H T I N G  F A C T O R  F O R  N i T k O G E N  U P T A K E  
C 
20 
JO 
40 
D O  2 0  1 = 1  , 2  
F {  I  ) = 0 . £  
D O  3 0  1 = 3  *  1  
F t  I )  =  I  .  
O U  4 0  1 = 1  .  1  
• C 2 ( 1  ) = W C F C  
S O I L M 2 * I )  =  1  
C N O R T 2 * 1 1  = 0 
N T R T 2 * I J =  S O  
C O N T I N U E  
P L G R X = 0 .  
M T X = 2 7 . 5  
* $ * *  MAIN PROGRAM **** 
d T X = 1 0 .  
M O X = 7 5 .  
0 O X = 4 5 .  
Y 0 X = 2 3 1 .  
Y S X = 2 . 5  
M R X = 5 5 .  
B R X = 3 5 .  
M L X = 1 5 0 .  
B L X = 1 2 5 .  
N T R A T X = 0 .  
R Z O N E X = 0 .  
N I T U P X = 0 .  
1 K X = M I N 1 ( 1 0 . . M T B X / 1 S « )  
F E R T X = 0 . 1  
O O  1 1  l = l t l K X  
S. 
C  * C X = * A T E R  C O N T E N T  I N  C O R N  F I E L O S  
C  
1 1  « C X ( I ) = W C F C ( 1 ) * 0 . 8 5  
I F ( I K X . E Q . 1 0 )  G O  T O  J 1  
I L = I K X + l  
D O  2 1  I = I L , 1 0  
2 1  * C X ( I ) = * C F C ( I ) * O P  
3 1  0 0  4 1  1 = 1 . 1 0  
S O  I (.MX ( i)=i5.*wcx(:; 
D N T L P X I I ) = 0 .  
C N O R T X i I > = U . J 2 0 - 0 . 0 0 1 0 * 1  
N T R T X t  I  ) = S O I L M X (  I ) * C N O R T X ( I )  
4 1  C O N T I N U E  
P A M X = 1 . 0  
P 1 _ G R Y  =  0  .  
M T Y = 2 7 . 5  
B T Y = ! 0 .  
M O Y = 7 0 .  
a O Y = 2 8  
Y O Y = 2 J O  
rv O 
* * * *  MAIN PROGRAM *$*$ 
Y R V = 2 . 0  
M R V = 5 5 .  
B « Y = 3 5  
M L Y = 1 5 0 .  
8 L Y = 1 2 5 .  
N T R A T Y = 0 .  
R Z G N E V = 0 .  
N 1 T U P r = 0 .  
I K Y = M I N : ( 1 0 . , * T B Y / 1 5 . )  
F E R T Y = 0 .  
F E R T M Y  =  0 . 0  
T O E N T V = 0 .  
D O  1 2  1 = 1 . I K Y  
1 2  * C Y ( I ) = * C F C ( I )  
1 F ( I K Y . E Q . 1 0 )  G O  T O  3 2  
I L = I K Y + 1  
D U  2 2  1 = 1 L . 1 0  ^  
2 2  k C Y ( I ) = k C F C ( : ) + D P  =  
3 2  0 0  4 2  1 = 1 . 1 0  
S 0 1 t - M Y ( I i  =  1 5 .  •  * C Y ( I )  
O N T U P Y ( I )  =  0 .  
C N O R T Y ( I )  =  0 . 0 2 7  -  0 . 0 0 1 5  »  I  
N T R T Y C I )  =  S O I L M Y i l )  •  C N C R T Y ( I )  
4 2  C O N T I N U E  
P A M Y = 1 .  
I  1  =  0  
R E A D  ( 5 . 2 0 0 )  A , ( I M A G E ( I ) , 1 = 1 . 1 9 )  
2 0 0  F O R M A T ! 2 0 A 4 )  
I F ( A . N E . h E A C A )  G O  T O  1 9 0  
W R I T E  ( 6 . 9 8 7 8 )  (  1  M A G E ( I  )  . 1  =  1  .  I 9 )  
9 8 7 8  F O R M A T ( I H l . 3 0 X . 1 9 A 4 / / )  
C A L L  R E R E A D  
R E A D ( 5 * 2 0 I I  A . N P . M L • I D A Y . I N T T , T I L E A . I  F O R M . I G l . I X Z 1 • I G 2 . I X Z 2  
2 0 1  F O R M A T ! A 4 . 2 F 4 . 0 . 1 4 . I 2 . F 4 . 2 . 1 1 . 2 2 I 2 )  
R E A D  ( 9 9 . 9 8 7 6 )  (  I M A G E ( I  )  .  I =  1  .  2 0 )  
*$** MAIN PROGRAM ***$ 
9 8 7 6  F O K M A T ( 2 0 A 4 )  
W R I T E  ( 6 . 9 8 7 7 )  ( i M A G E ( I ) , 1 = 1 , 2 0 )  
9 6 7 7  F O R M A T ! 1 H 0 , 2 0 A 4 / )  
I F ( A . N E . S P E C )  G O  T O  1 9 0  
I F ( T I L E A . N E . O . )  T 1 L E = T I L E A  
I F ( N P . E Q . O . )  N P = 2 .  
I F C N L . E Q . O . )  N L = 2 .  
i F ( l N T T . E Q . O )  I N T T = 1  
1 F (  I F O R M . E J . O )  G C  T U  5  
C A L L  R E R E A D  
R E A O ( 5 . 2 0 2 )  F G  
2 0 2  F O R M A T ( 7 2 A l i  
R E A D  ( 9 9 . 9 8 7 6 )  ( I M A G E ( I ) . 1 = 1 , 2 0 )  
W R I T E  ( 6 . 9 8 7 7 )  (  I M A G E ( I  )  .  I  =  1  , 2 0 )  
C  R E A D  I N I T I A L  N  P R O F I L E S  F O R  C C R N ,  B E A N  A N D  T I L E  A R E A S  
5  C O N T I N U E  
C A L L  R E R E A D  
R E A O ( 5 . 2 0 6 )  A . C N O R T  
2 0 6  F O R M A T ( A 4 . 1 0 F 7 . 5 )  
R E A D  ( 9 9 . 9 8 7 6 )  (  I M A G E ( I  )  ,  1  =  1  .  2 0  )  
W R I T E  ( 6 . 9 8 7 7 )  ( I M A G E ! I ) , 1 = 1 , 2 0 )  
I F ( A . N E . C N O X )  G O  T O  1 9 0  
I F ( C N O R T (  1  )  . E Q . O .  )  v i O  T O  1 5  
J O  1 3  1 = 1 . 1 0  
C N O R T X (  I ) = C N O R T (  I  )  
1 3  N T « T X ( I ) = C N O H T ( I ) # S C I L M X ( I )  
1 5  C C N T I N U E  
C A L L  R E R E A D  
R E A 0 ( £ , c û 6 )  A . C N O R T  
R E A D  ( 9 9 , 9 8 7 6 )  ( I M A G E ( I ) . 1 = 1 . 2 0 )  
W R I T c  ( 6 , 9 6 7 7 )  (  1 M A G £ ( I  )  , 1  =  1 • 2 0 )  
I F ( A . N E . C N O Y )  G O  T O  1 9 0  
I F ( C N O R T ( 1 ) . E Q . O . )  G C  T O  2 5  
D O  2 3  1 = 1 . 1 0  
C N O R T Y ( I ) = C N O R T ( I )  
2 3  N T R T Y C I ) = C N O « T ( I ) # S C 1 L M Y ( 1 )  
K) 
C 
U-I 
**»$ MAIN PROGRAM **** 
2 5  C O N T I N U E  
C A L L  R E R E A D  
R E A O ( S . 2 0 6 )  A . C N Q R T  
R E A D  ( 9 9 * 9 8 7 6 )  ( I M A G E ! I ) , 1 = 1 , 2 0 )  
• R I T E  ( 6 , 9 8 7 7 )  ( I M A G E ( I  )  , 1  =  1 , 2 0 )  
I F ( A . N E . C N 0 2 )  G O  T O  1 9 0  
1 F ( C N 0 R T ( 1  )  . E Q . O . )  G O  T O  3 5  
U O  3 3  1 = 1 , 1 0  
C N 0 f l T 2 ( I l = C N O R T ( I i  
3 3  N T R T 2 ( I ) = C N O H T ( I ) » S C I L M 2 ( I )  
3 5  O O  1 4 3  l J = l , I O A Y  
I F ( T . G T . O . . A N 0 . T . L T . 2 4 4 . )  G O  T O  7 0  
C A L L  R E R E A D  
C  R E A C  A R E A  O F  W A T E R S H E D , F R A C T I O N  U N D E R  C O R N  A N D  C f i C P  A B O V E  T I L E  A R E A  
R E A D ( 5 . 2 0 4 ) A , O A R E A , C C C R N , I C R O P  
2 0 4  F O R M A T ( A 4 , 2 F 4 . 2 , I l )  
R E A D  ( 9 9 , 9 8 7 6 )  (  I M A G E ( I  )  ,  I  =  1  ,  2 0 )  
W R I T E  ( 6 , 9 8 7 7 )  ( I M A G C ( I ) , 1 = 1 , 2 0 )  
I F ( A . N E . A R E A A )  G G  T O  1 9 0  
I F ( C A R E A . N E . 0 . )  A R E A = O A R E A  
I F ( O C C R N . E Q « 0 . ) O C O N N =  C C A N  
I F ( I C R O P . E Q . O )  I C R O P = I T C R O P  
C A L L  R E R E A D  
C  R E A D  P L A N T I N G , H A R V E S T I N G  A N D  F E R T I L I Z A T I O N  I N F O R M A T I O N  F O R  C O R N  
R E A C ( S , 2 0 5 ) A . O P L A N T , D H A R V T , I F X , ( F R T M X ( 1 ) , F R T X ( I ) , I = 1 . 3 )  
2 0 5  F C R M A T ( A 4 , 2 F 4 . 0 , I 1 , 6 F 4 . 0 )  
R E A D  ( 9 9 , 9 8 7 6 )  ( I M A G E ( I  )  ,  I  =  1 • 2 0 )  
W R I T E  ( 6 , 9 8 7 7 )  (  1 M A G E ( I  )  ,  I  =  1 , 2 0 )  
I F ( A . N E « C R C P ( 1 ) )  G O  T O  1 9 0  
I F ( D P L A N T . N E . O . )  P L A N T X = D P L A N T  
I F ( D H A A V T . N E . O . )  H A R V T X = O H A R V T  
D O  4 3  1 = 1 , I F X  
4 3  I F ( F R T X ( 1 1 . E Q . O . )  F R T X ( I ) = 0 .  
C A L L  R E R E A D  
C  R E A D  P L A N T I N G , H A R V E S T I N G  A N D  F E R T I L I Z A T I O N  I N F O R M A T I O N  F O R  B E A N  
R E A C ( 5 . 2 0  5 ) A . D P L A N T , D H A R V T , I F Y , ( F R T M Y i l J , F R T Y ( i ) , I = l , 3 )  
$*#* MAIN PROGRAM **** 
G O  T O  5 0  
G O  T O  4 5  
R E A D  ( 9 9 . 9 6 7 6 )  ( I M A G E ( I * . 1 = 1 . 2 0 )  
W H I T E  ( 6 . 9 6 7 7 )  ( I M A G E ( I ) . 1 = 1 . 2 0 )  
1 F ( A . N E . C R O P ( 2 ) )  G O  T O  1 9 0  
I F ( O P C A N T  . N E . O .  )  P l_ANTY =  O P L A N T  
I F < O H A R V T . N E . O . )  H A R V T Y = O H A K V T  
CALL REREAD 
R E A D ( 5 . 2 0 9 )  H O C . D E P T H . H O R A I N . S P A C E • H Y O C . W O R M . 0 1 V I O E . J A . J d . A B . A C  
2 0 9  F C R M A T ( F I O . O * F 1 0 . 0 . F 1 0 . 0 . F 1 0 . 0 . F 1 0 . 0 * F 1 0 . 3 . F 3 . 0 . 2 I 2 . 2 F 6 . 4 )  
R E A 0 ( 9 9 . 9 S 7 6 )  (  I  M A G E ( 1 )  . I  =  1  . 2 0 )  
WRITE(6.9a77) (IMAGE*I).1=1.20) 
I F ( J E . E C . O I  W T B X = H V O C  
I F < J 8 . E Q . O )  W T B Y = H Y O C  
X F <  T . E Q . O . )  
C O R N = C O K N - T I L E * ( 2 - I T C R O P )  
O C f i N = O C O R N - T l L E » ( 2 - I C R O P )  
D S 8  =  I .  -  T I L E  -  O C R N  
I F ( O S e  . L E . C O R N )  
l a  1  =  0 .  
* 3  =  C O R N  /  O S B  
G O  T O  4 6  
W3= 1 . 
« 1  =  (  I  
k2=l.-W1 
W 4 = 1 . - W 3  
L>0 47 1 = 1 . 10 
CNORT(I)=CNCRTX(I) 
C N O R T X(I)= W l * C N O R T X(I) 
NTRTX(I) = CNORTX(L) $ 
C N O R T Y ( l ) =  W 3 * C N 0 R T ( I )  
4 7  NTRTYDL = CNORTY(I) * 
T 0 E N T X = T 0 E N T X * 1 0 . * * 2  
N I T O U T = N I T O U T / I N T  
W R 1 T E ( & . 3 S 0 )  M T O U T . T D E N T X  
N I T O u T = 0 .  
T O E N T X = 0 .  
4 5  
4 6  
T I L E  -  C C R N )  /  O C R N  
*  * 2 * C N O R T Y ( I )  
S O I L M X *  I  )  
•  W 4 * C N 0 R T Y ( I #  
S O I L M Y ( 1 )  
**** MAIN PROGRAM **** 
N T R A T  X = 0  .  
N T R A T  Y = 0 .  
F E R T X  =  0 .  
P E R T  Y  =  0 .  
T  = 0  •  
T E T = 0 .  
T F L O k = 0 .  
T P R E C = 0 «  
T L) N 2  =  0 .  
T R U N O F = 0 .  
3 0  C U R N ^ J C O R N  
S B = I . - C O R N  
I r C R O P  -  I  C R O P  
I C X  =  0  
I C Y  =  0  
c 
c ***$**$******$***$*******$*************$***************************** 
^ ë 
C  k R I T E  l - E A O I N v i S  %  
C  
c ************************************************ ******* 
c 
* R I T E ( 6 . 2 1 0 j  A R E  A « C O R N . T I L E t C H O P ( I T C R O P ) • I N T T • P L A N T X  « H A R V T X  
•  .  ( F R T M X ( I )  , F R T X (  I ) . 1 = 1 , 3 ) , P L A N T Y . H A f l V T Y  ,  ( F R T M Y (  I  )  . F R T Y (  I )  . 1 = 1  , 3 )  
2 1 0  F C R M A T f i H O  / 5 X , * T H E  A R E A  I S  ' , F 4 . 2 , '  F E C T A R E S . • / 6 X •  
1 F S . 2 , '  O F  I T  I S  C O R K . • , / / 6 X . F 5 . 3 .  •  O F  I T  I S  T I L E . ' , / / 6 X , ' M A J O R  C R  
2 0 P  A B O V E  T i L E  I S  •  . A 4 , •  .  •  , / / 6 X ,  I  2 , •  I N T E R V A L S  P E R  O A  Y . • . / / / / I 5 X ,  
3  « P L A N T I N G  C A Y « ,  5 X , ' H A R V E S T  C A Y ' , 5 X . ' F E R T I L I Z E R  C A V ' , 5 X , ' A M T  
4 U r  F E R T • , / / , 5 A , ' C O R N ' , I C X . F 4 , 0 , 1 2 X , F 4 . 0 , 1 3 X , F 4 , 0 , 1 3 X , F 5 . 1 , / /  
$  2 ( 5 2 X , F 4 . 0  ,  1 3 X , F 5 . 1 , / /  )  ,  
5  5 X , ' S O Y B E A N ' , 7 X , F 4 . 0 , I 2 X , F 4 . 0 , l 3 X . F 4 . 0 , 1 3 X , F 5 . l ,  
6  2 ( / / 5 2 X , F 4 . 0 . 1 3 X , F E . l ) )  
I F ( I G l . E O . O )  G O  T O  7 0  
M R I T E f 6 . 3 5 9 )  
3 5 9  F 0 R M A T ( 1 H 1 , »  D A Y  F L O *  C O N C  P R E C  R U N O F F  E  
I T  * T 8 X  * T B Y  T P R E C  T F ^ O W  T E T  N U P X  
*$$* MAIN PROGRAM **** 
1 DEEP') 
7 0  r = T + l  
1 F (  I C X . G E .  I F X . O R . T . N E . F R T H X I  I C X - f l  )  )  G O  T O  7 5  
I C X = I C X + 1  
F E R % X = F E R T X + F R T X ( I C X )  
F E R T M X = F R T M X ( I C X )  
7 5  I F ( I C Y . G c . I F Y . O R . T . N E . F R T M Y ( I C Y + 1 ) )  G U  T O  3 0  
I C V = I C Y * 1  
F E R T Y = f -  E R T Y + F R T Y < I C Y ) * 1  . 1 2  
F E K T M V = F R T M Y ( I C Y )  
C  
c  
c 
L  R E A D  T h E  C L I M A T O L G G I C A L  O A T A  S E T  
C  F O R  C A Y S  O F  H I G H  P R E C I P I T A T I O N  I N C R E A S E  T H E  »  O F  I N T E R V A L S  ( I N T )  T C .  
L  A V O I D  I N S T A B I L I T Y  O F  T H E  D I F F E R E N C E  E Q U A T I O N S  
C  
C  * * $ * * * * * * * * * * * * $ * $ * » $ * * * * * * * * * * * * * * * * * # * * $ * * * $ * # * * * * * * * * * * * * * * * * * * * * *  
c  
a O  R E A D  ( 5 , F G . E N O = i a O )  P R E C . T E P P . T M A X . T M I N . O E T  
I F C J A . E Q . 0 1  G U  T O  8 2  
I F ( J A . N E . O )  G u  T C  8 1  
6 1  P R E C = P R E C * 2 . 5 4  
T E M P = t  T C M P - J ^ . ) * 3 . / S .  
T W A X = ( T M A X - 3 2 . ) $ 5 . / 9 .  
T M I N = 0 E T # 2 . 5 4  
O E T = O E T * 2 . 5 4  
8 2  I N T  =  I K T T  
I P R E C  =  P R E C  
I F  ( I P R E C  - L E .  2 )  G C  T O  1 2 3 4  
I N T  =  I P R E C » !  
*$$* MAIN PROGRAM *$*$ 
1 2 3 4  C O N T I N U E  
c 
c ETX G I V E S  E T  V A L U E S  F C R  E A C H  L A Y E R  I N  C O R N  F I E L D S  
c 
C ****$*******$$*******$$**********$*$******$$$********$*,*#*,*****#*** 
c 
C A L L  E T R ( E T L X , P A M X ,  l - A R V T X .  T . O E T ,  I ,  E T  J  
A V G F L = 0 .  
A D N 2 = 0 .  
A V G N I T = 0 .  
C  
c ********************$**$$***************#**$*********$*****$********* 
C  
C  M O I S T  C O M P U T E S  W A T E R  M O V E M E N T . I T  I S  C A L L E D  T W I C E  k i T H  C O R N  A N D  B E A N  
C  A R G U M E N T S  
C  M T R O  C O M P U T E S  M T R A T E  M O V E M E N T  I N  T H E  C O R N  A N D  S C Y & E A N  A R E A  
C 
c *********************$*#*******************$a************************ 
C  
A R U N C F = 0 .  
O O  9 5  1 = 1 , I N T  
C A L L  M C 1 S T ( W C X  «  F L N T X , S O I L M X  * E T L X ,  W T Q X .  I < X , 0 R A I N X , 1 , I N T , S L I V R X , D N 2  
1 ) 
A D N 2 = A D N 2 + 0 N 2  
A R U N C F = A R J N O F • R U N O F F  
C A L L  N  I  T R O (  W C X , F L R T X # S ( J l L M X . I  K X t C N G R T X  , F L f i N X  ,  N T K T X  .  D N T U P X  .  
»  F E R T X , P L A N T X » H A R V T  X , F E R T M X , D N F M X , N T H A T  X , 1  N T , T D E N T X . 5 L I V R X )  
C  
C  • • » • • • » • • • • * * * » * * • • * * * * • • • • * * • • » • » • * • • • » * * • • • » » • • » • • » • • • • • • • • • • • » • • • •  
I F  I T C P O P = l  t h e  C R O P  P L A N T E D  A B O V E  T h E  T I L E  I S  C O R N  
I F  I T C R O P  I S  2 ,  T H E  C R O P  I S  S O Y B E A N  
**** MAIN PROGRAM ***$ 
C a*******»******************»*******,************#***#* 
L 
G O  T O  < 9 0 . 9 l ) . I T C K 0 P  
C  
c •»•»»•»•*•••*»•»•••»*•»•*»»•»•»•»••»»»»•»»*••••••*•»••  
c 
C  M 0 I S T 2  C A L C U L A T E S  W A T E R  M O V E M E N T  A B O V E  T H E  T I L E  A R E A  
C  N I T R 0 2  C O M P U T E S  N I T R A T E  M O V E M E N T  A B O V E  T H E  T I L E  A R E A  
C  
c 
C  
9 0  C A L L  M 0 I S T 2 ( E T L X . 1 N T )  
C A L L  N I T R 0 2 ( 0 N T U P X . C N F M X  . F E R T M X  . N T R A T X  . F E R T X ,  I N T )  
G  J  T O  S 3  
9 1  C A L L  M 0 I S T 2 < E T L Y , I N T >  
C A L L  N I T R 0 2 ( 0 N T U P Y . 0 N F M Y  . F E R T M Y  . N T R A T Y  t F E R T Y .  I N T )  NJ 
9 3  F L R T 2 ( 9 ) = f L R T 2 <  9 ) » 1 N T  
C A L L  C C M B I N  
c 
c 
c 
C  C A L C U L A T E S  T O T A L  A N D  A V E R A G E  F L O W  A N D  N U 3  C O N C E N T R A T I O N  
C 
*******$***************************$********************* 
A V G F L = A V u F L + F L O W  
A V 3 N I T = A V G N I T + F L O W $ C N O R Z  
9 5  C O N T I N U E  
F L O W = A V G F C / I N T  
H U N O F F = * R U N O F / I N T  
I F ( A V G F L . L T . O . O O I >  C N O R Z = 0 « 0  
I F ( A V G F L . G T . 0 . 0 0  1 )  C N O R Z = A V G N I T / A V G F L  
C  
**** MAIN PROGRAM **»$ 
C  P L G R T r i  C A L C U L A T E S  N l T P O U E N  U P T A K t £  A  N i ,  C R C P  G R O W T H  
V. 
C  
C  
I F { T  « G £  « P L  A N T  X . A N D . T e L T « H A R V T X )  C A L L  ® L  G R T H ( P L A N T X  t M T X t b T X *  M O X «  B O X  
1 , Y 0 X,MLX.BLX,YRXtMRX.BRX.NITUPXfPLGHX.RZCNEX.KTBX.PAHX.cTLX.IKX. 
2  O N T U P X . C N O R T X . O P T X X . O P T Y X , l , k C X , * f L T )  
IFC T .NE. H A R V T X )  G O  T J  1 1 5  
D Û  l O J  I / = l t l O  
1  J O  O N T U P X *  I Z )  =  0 .  
P L G R X = 0 .  
R Z C N E X = 0 .  
N X  T L P X = 0 ,  
1 1 5  I F d G l . E Q . O )  G O  T O  1 4 0  
I F  ( A M C D ( T . N L ) . G T . O . )  G O  T O  1 4 0  
C  
C  $ * $ * * * * * * * * * * * $ $ * * $ $ * * * * » * $ * * * * * * * * * * * * $ * * * * * * * * * , * * * * * * * *  
L 
L  C O M P U T E  A V E R A G E  S O I L  N I T R A T E  C O N C E N T R A T  U N  -  A V E R A G E D  
C  O V E R  A L L  S O I L  L A Y E R S .  
C  
A N C  X = 0 .  0  
O O  2 0 0 0  I K  =  1 , 1 0  
2 0 0 0  A N C X  =  A N C X  •  C N Q H T X ( l K )  
A N C X  =  A N C X  /  1 0 . 0  
S H C l  =  C N O R Z $ 1 0 . * * 3  
S H C 2  =  N I T U P X $ 1 0 . » * 2  
S M C 3  =  N I T U P Y * 1 0 . * * 2  
P R I N T  O U T P U T  V A R I A B L E S  
T O N 2 = T O N 2 + A O N 2  
T E T = T E T * E T  
T F L O k = T F L O * + F L O *  
T P R E C =  T P R E C + P R E C  
MAIN PROGRAM **$* 
T R U N C F = T R J N O F + A R U N O F  
* d I T E ( 6  .  3 6 0  ) T  • F L O W *  S H C l  . P R £ C  . R U N O F F  .  E T  .  « T  B X  .  W T  B Y  «  T P R t i C  •  T F L C W  .  T E T  .  
I S H C 2 . T 0 N 2  
3 6 0  F C P M A T f 1 H 0 « F 5 . 0 . F 1 0 . 3 . 1 1 F 1 0 . 2 )  
0 0  1 3 6  I  = 1 , I G 1  
I X Z  =  I X Z l (  I  >  
G O  T O  ( 1 3 0 , 1 3 1 . 1 3 2 . 1 3 3 , 1 3 4 , 1 3 5 ) , I X Z  
1 3 0  M R 1 T E ( 6 , 3 7 0 )  C N C R T X  
O O  T O  1 3 6  
1 3 1  W R I T E ( 6 . 3 8 0 )  C N O R T Y  
G O  T C  1 3 6  
1 3 2  W R 1 T E ( 6 . 3 9 0 )  C N C R T 2  
G O  T O  1 3 6  
1 3 3  * R I T E ( 6 , 3 9 3 )  W C X  
G O  T O  1 3 6  
1 3 4  W R I T E ( 6 . 3 9 6 )  W C Y  
G O  T O  1 2 6  
1 3 5  M R 1 T E ( 6 . 3 9 9 )  t t C 2  
1 3 6  C O N T I N U E  
3 7 0  F O R M A T (  o X . 3 P 1  O F  1 1 . 2 )  
3 6 0  F O R M A T *  7 X . 3 P 1  O F  1 1 . 2 )  
3 9 0  F O R M A T *  8 X , 3 P 1  O F  1 1 . 2 >  
3 9 3  F O R M A T *  9 X . 1 0 F 1 1 . 3 )  
3 9 6  F O R M A T * 1 0 X , 1 0 F 1 1 . 3 *  
3 V 9  F O R M A T * I I X . I O F I 1 . 3 )  
1 4 0  I F  * 1 G 2  . E O .  0 )  G O  T O  1 4 5  
I F * A M O O * T , N P ) . G T . O . )  G O  T O  1 4 5  
W R I T E *  1 2 , 4 0 0 )  F L O * , C N O R Z , H T B X , W T 8 Y , P L G R X . P L G R Y  , N I T U P X , M  T U P Y ,  
•  C N O R T X , C N O R T Y . C N 0 R T 2  
4 0 0  F O R M A T * F 9 . 3 . 3 P F 7 . 4 . 0 P 4 F 9 . 3 . 2 P 2 F 7 . 4 . 3 P 3 0 F d . 4 )  
A A (  I  I  )  =  T  
11=11+1 
1 4 5  C O N T I N U E  
T O E N T X = T O E N T X $ 1 0 . * * 2  
N I T O L T = N I T O U T / 1 N T  
NI 
* * * *  M A I N  P R O G R A M  * * * *  
W R I T E ( Ê « 3 5 0 )  N I T C U T , T O E N T X  
3 5 0  F O R M A T * / / '  N I T O U T = ' . F 1 0 . 4 , '  O E N I T = • . F 1 0 - 4 )  
G O  T O  9 9 9  
1 6 0  W R I T E ( 6 * S 0 0 )  
5 0 0  F O R M A T *  «  I N S U F F I C I E N T  W E A T H E R  D A T A *  I  
1 9 0  # R I T E ( e , 5 5 0 )  
5 5 0  F O R M A T ! "  C O N T R O L  C A R D  E R R C R * )  
9 9 9  S T O P  
E N D  
B L O C K  C A T A  
C 
<_ 
C  S C U T I N E  T O  I N I T I A L I Z E  A R R A Y S  
C 
c 
c 
I M P L I C I T  S E A L * *  ( A - M , J - Z )  
C C M H C N  / C G M A /  
»  O P . h E A O t l H E A O . U E T . T . T E M P . W T F C .  F ( 1 0 ) , G R A 6 ( 9 ) , L G M T ( y ) . * C F C ( 1 0 )  
C C M M C N  / C O M C /  P R E C . H U N O F F . T A I R ,  
»  X X ( i O ) . D Y ( 1 0 ) , K Y ( 1 0 ) , O P T X X ( 7 ) . O P T X Y ( 7 ) , O P T Y X (  7 )  , C P T V V (  7 )  . W I L T (  1 0 )  
C C M M C N  / C Q M H /  
1  G R A I X C  1 0  )  . G R A 1 Y (  l O ) . G R A X ( l l )  , G R A 3 L (  1  1  )  . S T R E b K  1  1  ) . S T R E S 2 (  1  1  )  .  
2  C A T E V t  1 0 ) . P A T N Y ( I O . I O )  .  
2  S T R E S 3 ( 1 1 ) . T R E S S  1 ( 1 1 ) . T R E S S 2 (  1 1 ) . T a E > S 3 (  1 1 ) . P A T N ( 1 0 . 1 0 ) . D A T E S (  1 0 )  
C  X X = * A T E R  C O N T E N T . X - A X I S  F O R  D I F F U S i V I T Y  A N D  C C N O U C T I V I T Y  F I G S .  
C A T A  X X /  0 . 1 5 , 0 . 2 , 0 . 2 2 5 , 0 . 2 5 . 0 . 2 7 5 . 0 . 3 , 0 . 3 5 . 0 . 4 . 0 . 4 5 . 0 . 5 / .  
1  K Y /  —  6 . 4 1 .  —  5 . 0 1 .  —  4 . 6 4 . - 4 * 0 6 . - 3 . 6 1 « — 2 . 6 6 .  — 2 . 1 6 . — 0 » d l .  — C . 4 9 / *  
2  D Y /  — 0 . 2 5 .  —  0 . 1 . 0 .  1 5 . 0 . 6 . 1 . 3 , 1 . * ) . 2 . 3 . 3 . 2 , 4 . . 4 . 4  /  .  
3  3 R A 1 X / 4 5 . . 6 3 . . 7 5 . . S O . . 1 0 5 . . 1 2 0 . . 1 3 5 . . 1 5 0 . . 1 7 5 . . 2 0 0 . / .  
5  o R A l Y / 0 . 3 8 . 0 . 4 0 . 0 . 4 6 . 0 . 6 5 . 0 . « 3 . 0 . 6  5 . 3 . 8 4 . 0 . 7 3 . 0 . 6 0 . 0 . 4 0 / .  
7  G R A X / 0 . . 0 . 1 . 0 . 2 , 0 . 3 . 0 . 4 . 0 . 5 . 0 . 6 . 0 . 7 . 0 . 8 . 0 . 9 . 1 . / .  
8  J R A 3 L / 0 . . 0 . 1 . 0 . 1 5 . 0 . 2 , 0 . 2 5 . 0 . 3 . 0 . 4 . 0 . a . 0 . 6 . 0 . 7 . 1 . / .  
9  S T R E S l /  J . J 2 . 0 . 2 . 0 . 4 . 0 . 6 5 . 0 . 6 3 . 0 . 9 4 . 0 . 9 8 .  1  .  .  1  .  .  1 . .  1  . /  
U A T A  S T R L S 2 /  0 . 2 , 0 . 2 8 , 0 . 6 6 . C . e 4 , 0 . 9 2 . 0 . 9 6 , 1 . , 1 . ,  1 . * 1  . , 1  . / ,  
1  S T R E S 3 / 0 . 0 8 . 0 . 6 5 . 0 . 7 7 . 0 . 8 8 . 0 . S r 3 , 0 . 9 6 , 1 . , 1 . , 1 . . 1 . , 1 . /  «  
2  T R E S S 1 / 0 . 0 2 . 0 . 1 4 . 0 . 2 5 . 0 . 3 9 . 0 . 5 7 . 0 . 7 3 , J . 8 5 . 0 . 9 7 . l . . l . , l . / .  
3  T R E S S 2 / J . 0 2 . 0 . 2 0 . 0 . 4 0 . 0 . 6 5 . 0 . 8 3 . 0 . 9 4 . 1 . . 1 .  . 1 . .  1 . , 1 . / .  
4  T R E S S 3 / 0 . 1 0 . 0 . 6 0 . 0 . 7 7 , 0 . 8 8 . 0 . 9 2 . 0 . 9 6 . 1 . , l . . l . . l . . l . / ,  
5  . ^ R A 6 / 1  . , 2 0 .  . 8 0 . , 1 0 0 .  .  1  1 0 .  . 2 0 0 .  . 2 6 0 .  . 2 7 0 .  . 2 8 0 . /  .  
6  L 6 M T / 1 6 3 . . 1 6 5 . . 2 0 0 . . 3 2 5 . . 2 4 0 . . 1 6 5 . . 1 2 0 . . 1 2 0 . . 1 2 0 . / ,  
7  O A T E Y / 7 7 . , 6 4 . . 9 4 . , 1 0 1 .  , 1 0 8 . . 1 1 5 . . 1 2 2 . . 1 4 0 . . 1 9 0 . . 2 5  0 . / .  
7 P A T N Y / 1 . . 9 * 0 . , 2 * 0 . 5 , 8 * 0 . .  2 * 0 . 3 4 , 2 * 0 . 1 6 , 6 * 0 . , 2 * 0 . 3 ,  
8  2 * 0 . 1 , 0 . 2 , 5 * 0 . , 2 * 0 . 3 , 4 * 0 . 1 , 4 * 0 . , 2 * 0 . 3 , 4 * 0 . 0 7 5 , 0 . 1 , 3 * 0 . , 2 * 0 . 3 ,  
***» BLOCK DATA 
9  4 * 0 . 0 7 5 , 2 * 0 . 0 5 , 2 * 0 . , 2 * 0 . 3 , 6 * 0 . 0 5 , 0 . 1 , J . . 2 * 0 . J , 6 * 0 . 0 5 , 1 . , 9 * 0 . /  
7  O A T E S / 6 8 . , 7 4 . , 8 7 . , 9 4 . .  1 0 1 . . 1 0 8 . , !  1 6 .  , 1 2 3 . , 1 ^ 8 . , 2 7 3 . / ,  
7  P A T N / l . , 9 * 0 . , 2 * 0 . 5 , 8 * 0 . ,  2 * 0 . 3 4 , 2 * 0 . 1 6 , 6 * J . , 2 * 0  
8  2 * 0 . 1 , 0 . 2 , 5 * 0 . , 2 * 0 . 3 , 4 * 0 . 1 , 4 * 0 . . 2 * 0 . 3 , 4 * 0 . 0 7 5 , 0 . 1 , 3 * 0 . , 2 * 0 . 3 ,  
9  4 * 0 . 0 7 5 , 2 * 0 . 0 5 , 2 * 0 . , 2 * 0 . 3 , 6 * 0 . 0 5 , 0 . 1 , 0 . , 2 * 0 . 3 , 8 * 0 . 0 5 , 1 . , 9 * 0 . /  
D A T A  O P T X X / 0 . , 2 5 . , 5 0 . , 7 5 . , 1 0 0 . . 1 1 5 . , 1 7 5 . / ,  
1  O P T Y X / O . 3 1 9 6 , 0 , 0 2 6 2 , 0 . 0 2 8 0 , 0 . 0 1 7 9 , 0 . 0 1 3 7 , 0 . 0 1 2 5 , 0 . 0 1 1 9 / ,  
2  O P T X Y / 0 . , 5 2 . , 7 5 . , 1 1 0 . , 1 6 0 . , 1 7 0 . , 1 8 0 . / ,  
3  O P T Y Y / 0 . 1 0 2 , 0 . 0 3 5 , 0 . 0 1 6 , 0 . 0 2 4 , 0 . 0 2 5 , J . 0 2 5 , 0 . 0 2 5 / .  
4  « C F C / 0 . 3 1 , 0 . 3 1 , 0 . 2 9 . 0 . 2 9 , 0 . 3 3 , 0 . 3 3 . 0 . 2 9 , 0 . 2 7 , 0 . 2 6 . 0 . 2 6 / ,  
5  W I L T / 0 . 1 8 , 0 . 1 7 , 0 . 1 5 , 0 . 1 6 , 0 . 1 7 . 0 . 1 4 , 0 . 1 3 , 0 . 1 2 , 0 . 1 2 , 0 . 1 1 /  
E N D  
SUafiCUTINE E T R ( E T L , P A M , H A R V T . T « O E T , X O R Y . E T )  
C  
c 
c 
C  T H I S  S U B R O U T I N E  C O M P U T E S  T H E  A M O U N T S  O f  E V A P O T R A N S P I R A H C N  
C  
c 
I M P L I C I T  R E A L * 4  ( A - h . J - Z )  
COMMLN /CCMH/ 
1  G R A I X I 1 0 ) , G R A 1 Y ( 1 O ) . G R A X f 1 1 ) , G R A J L ( 1 1 * , S T R E S 1 ( 1 1 ) , S T R E S 2 ( 1 1 ) ,  
2  O A T E Y t l O J . P A T N Y t 1 0 * 1 0 ) .  
3  S T R E S 3 ( 1 1 ) « T R E S S l < 1 1 ) . T R E S S 2 ( 1 1 ) , T R E b S 3 ( 1 1 ) . P A T N ( 1 0 . 1 0 ) . D A T E S *  1 3 )  
O I M E N S I C N  E T L ( 1 0 )  
INTEGER XORY 
C 
C  X O R Y  I S  A N  I D  F O R  C O R N ( X )  O R  S O Y B E A N * Y )  ^  
C  E T  I S  T O T A L  E T  F O R  E N T I R E  S O I L  P R O F I L E  ^  
C  
E T = 0 . 0 J 5  
I F C T . L T . i g . )  G O  T C  * 0  
IF(T.GT.214.) GO TO 36 
I F ( T . G T . H A R V T )  G C  T C  3 5  
R A T I O = A F G E N ( G H A 1 X , G R A 1 Y « 1 0 . T )  
I F < T . C E .  8 7 )  G O  T O  1 5  
E T = O E T » R A T I O  
GO TO 4 0 
1 5  I F ( T . G E . 1 2 2 )  G O  T O  2 0  
I F ( O E T . L E « 0 . 5 )  E T  =  C E T ^ R A T I O » A F Ô E N ( 0 H A 3 L . S T R E S i . 1 1 . P A M )  
1 F ( 0 E T . G T . . 5 . A N 0 . 0 E T . L E . . 7 5 ) E T = 0 E T * R A T I 0 * A F G E N ( G R A X . 5 T R E 5 2 , 1 1 . P A M )  
I F ( O E T . G T . 0 . 7 5 )  E T  =  O E T * R A T I O * A F G E N ( G R A X . S T R E S l , 1 1 . P A M )  
3 0  T O  4 0  
2 0  I F ( O E T . L E . 0 . 5 )  E T  =  C E T • R A T l O * A F O E N ( G R A 3 L , T R E S S 3 . 1 1 . P A M )  
I F ( 0 £ T . G T . . 5 . A N 0 . U E T . L E . . 7 5 ) £ T = 0 £ T * R A T 1 0 * A F G E N ( G R A X . T R E S S 2 , 1 1 . P A M )  
I F < 0 E T . G T . 0 . 7 5 )  E T  =  O E T $ P A T I O * A F 3 E N ( G R A X . T R E S S l . i l . P A M )  
G O  T O  4 0  
$ $ $ *  S U â P R O G R A M  E T R  • • • •  
3 5  E T = 0 . 2 5 * O E T  
G O  T C  4 0  
3 6  E T = 0 . 0 7 5  
4 0  I F  ( X O R Y . 5 0 . 2 )  G O  T C  6 0  
D O  4 5  1 J = 1 t  1 0  
G A T E S  =  C A Y  O F  T H E  Y E A R  T O  D E T E R M I N E  W A T E R  E X T R A C T I O N  P A T T E R N  
I F ( Û A T E S ( I J J . G E . T )  G O  T C  5 0  
4 5  C O N T I N U E  
5 0  D U  5 5  1 = 1 . 1 0  
5 5  E T L ( I )  =  P A T N ( I . I J )  *  E T  
G O  T O  8 0  
6 0  D O  6 5  1 J =  1 . 1 0  
I F  ( D A T E Y ( I J ) . G T . T )  G O  T C  7 0  
t 5  C C N T I N U E  
7 0  0 0  7 5  1 = 1 . 1 0  
7 5  E r L ( I J =  P A T N Y ( I , I J ) * E T  
3 0  R E T U R N  
E N O  
S J B R C U T I N Ê  M O I S T ( k C . F L R T , 5 0 I L * . E T L , * T B , I K , D R A I N , I k M . l N T , S L I V £ P , D N 2  
1 ) 
L  * * * * * * * * * * * * * * * * * * * * * $ * * * $ $ * * * * * * * * $ * * * * * * * * * * * * * * * * * * * * $ $ * * * * * * * * * * *  
L 
C  T H I S  S U E S O U T I N E  C A L C U L A T E S  T h E  U N S A T U R A T E D  A N D  S A T U R A T E D  
C  F L C & S .  T I L E  D R A I N A G E ,  A N C  D E E P  P E R C O L A T i C N .  
C  
C *»$*#*$*$**$*********$*****$**$*$***$*$»***»*$**$****$**#************ 
I M P L I C I T  R E A L * 4  ( A - H , J - 2 )  
C C M M C N  / C O M A /  
• DP,MEAD,IHEAD.OET.T,TEMP,WTFC, F(I0),GRA6^9 ) ,LOHT(9),«CFC( 10) 
COMMCN /COMB/ AREA.CCRN,MTOLT. 
•  l T C f . 0 P , T l L E , C N C R T 2 <  1 0 )  , F L R T 2 {  l  1  )  ,  S C I L M 2 (  1 0  ) , * C 2 (  1 0 )  
C C M M C N  / C O M C /  P R E C . R U N O F F . T A I R ,  
•  X X | 1 0 ) . D Y ( 1 0 ) . K Y < 1 0 )  , O P T  X X I 7 ) , O P T X Y ( 7 )  , O P T Y X (  7 ) , C P T Y Y ( 7 ) , W I L T { 1 0 )  k >  
C O W M O N / C C M J /  5  
1 H O C , D E P T H , H D R A  I N , S P A C E , H Y O C , W O R M , D l V I  J E , J A ,  J B , A B , A C  
D I M E N S I O N  W C (  1 0  ) . F L R T ( 1 1  ) . S O I L M (  1 O ) , E T L ( 1 0 ) , G S M ( 1 0 )  
C  O I F N = O I F F J S I O N  C C E F F - F U N C T I O N  O F  W A T E R  C O N T E N T  
D I F N ( X ) = 1 0 . * » A F G E N ( X X , D Y , 1 0 , X )  
C  C C U T = C O N O U C T  I V I T Y - F U N C T I C N  O F  W A T E r J  C O N T E N T  
C a U T ( X ) = 1 0 . $ * A F G E N ( X X , K Y , 1 0 . X )  
DO 10 1=1,10 
C  
c  C S M  S T O R E S  5 0 I L M  O N  P R E V I C U a  C A *  F U f i  L A T E R  U S E  
1 0  O S M ( 1 ) = S O I L M ( 1 )  
I L = I K + 1  
C 
C  C h E C K  T O  S E E  I F  W T B  I S  A B O V E  l O T H  L A Y E R  
C  
I F ( I K . L T . I O )  G O  T O  2 0  
C  
C  C A L C U L A T E S  F L O W  R A T E S  I N  U N S A T U R A T E D  S O I L  
**#* SUBPROGRAM MOIST 
C  
c 
C t M P U T E S  F L O W  K A T E S  I N  T H E  I  1 T H  L A Y E R  
A V O = ( D I F N ( * C ( 1 0 ) ) + D I F N ( * T F C ) ) / 2 .  
A V C  =  ( C O U T (  W C d O )  )  + C D U T ( k T F C ) ) / 2 .  
FLRTC1 I)=(AVO»(» C (IC)-XTFC)/< <FCT6-150)/2.•7.5I•AVCJ/IHT 
I L = 1 0  
2 0  D O  3 0  1 = 2 , I L  
A V O = ( O I F N f  W C (  I - 1  I  ) + O I F N ( W C ( I ) l ) / 2 .  
A V C = ( C D U T ( W C ( I - l ) ) + C D U T ( * C ( I ) j ) / 2 .  
3 0  F L R T (  I  )  = ( A V D * ( * C (  I  -  I  ) - V » C <  I  >  }  /  I  S  .  •  A  V C  )  /  I  N T  
4 0  I F ( I H h . N E . l )  G C  T O  7 0  
I F ( T I L E . E Q . O . )  G O  T O  4 9  
I F ( ( P R E C ^ h E A O / I h E A O ) . G T . 4 . 0 0 )  G O  T O  6 0  
4 9  R O N O F F = 0 .  
G C  T O  7 0  
C  
C  R U N O F F  C C M P U T E D  U S I N G  A  L I N E A H I S E L)  M O D E L  B A S E D  U N  S H A N ' S  W O R K  
c 
6 0  R U N O F F = 0 . 3 4 4 * ( P R E C + h E A D / I H E A D ) - 0 . 3 4 4  
7 0  F L R T I l ) = ( P R E C - R U N O F F / D I V l D E + H E A O / I h E A D * I N T ) / I N T  
8 0  D O  1 0 0  1 = 1 , I K  
C  
c 
c 
V A C A T E S  S O I L M  A N D  W C  I N  E A C H  L A Y E R  A B O V E  W T B  
S O I L M ( I )  =  O S M ( I )  *  F L R T C I )  -  F L R T ( I + I )  -  E T L ( I ) / I N T  
W C ( I  )  =  S C I L M ( I ) / 1 5 .  
C  
c 
c 
R E S T R I C T S  W C  B E T W E E N  W I L T I N G  P O I N T  A N D  F I E L D  C A P A C I T Y  
I F ( W C ( I ) . L E . W C F C I I ) )  G O  T O  9 0  
C  
c 
c 
I F  W C  >  F I E L D  C A P A C I T Y  I N C R E A S E  T H E  F L O W  R A T E  L U T  O F  T H A T  L A Y E R  
A N D  S E T  W C = F I E L C  C A P A C I T Y  
»••• SU8PPCGRAM MOIST •••• 
F L R T ( I + 1 ) = F L P T ( I + l ) + ( * C ( l ) - * C F C ( I > ) * 1 5 .  
M C (  1  )  =  # C F C <  I  I  
S O I L M ( I  )  =  1 5 . * * C ( 1 )  
9 0  I F ( « C (  I ) . G E  . W 1 L T ( 1 >  )  G O  T O  1 0 0  
C  
C  I F  W C  <  W I L T I N G  P O I N T  I N C R E A S E  S O I L *  B Y  T h E  A M O U N T  O F  E T L  C F  
C  L A Y E R .  I N C R E A S E  E T L  C F  T H E  L A Y E R  B E L C *  A N D  S E T  S E T  E T L  =  0  
C  
S O I L M i  1  )  =  S G I L M (  I ) + E T L (  I  ) / I N T  
I F ( I . L T . 1 0 )  E T L ( I + i ) = E T L ( I + I ) + E T L ( I )  
E T L < I  1  =  0 .  
m e n  )  =  5 C I L M ( i ) / 1 5 .  
1 F ( M C ( I ) . G E . « I L T ( n )  G O  T O  I C O  
C  
C  I F  b C  I S  S T I L L  <  W I L T  R E D U C E  T H E  F L O W  R A T E  C U T  O F  T H A T  L A Y E R  
C  A N D  S E T  W C  =  W I L T  
C  
F L R T { I + l ) = F L R T ( I + 1 ) - ( W I L T ( I ) - * C ( I ) ) * I 5 .  
METI)=WILT(I) 
S O I L M C I ) = 1 5 . * W I L T ( I )  
1 3 0  C O N T I N U E  
C  
C  T I L E  D R A I N A G E  C O M P U T E D  U S I N G  H O O G H O U D T S  E Q U A T I O N  
C  
0 R A I N = 0 .  
T R A I N = 0 .  
i L = I K + I  
I M = I L + 1  
I F ( l K . O £ < 9 )  G O  T O  1 8 0  
E M = O E P T H - W T B  
I F ( E M . G T . O . O )  G C  T O  2  
2  D R A I N = A M A X 1 ( 4 . * H D C * E M * < 2 . * M O R A I N + E M ) / S P A C E * * 2 , 0 . 0 ) * ( 1 . - T I L E )  
T R A I h = A M A X l ( - l . * A B * W T B + A C , 0 . 0 1 )  
I F ( J B . E C . O )  0 N 2 = f T R A I N - D R A I N ) / ! N T  
D N * = D R A I N / 2 / 1  N T  
tSJ fsj 
$#$* SOQPRCGAAM MOIST **** 
C  C A L C U L A T E S  F L O *  R A T E S  I N  W A T E R  T A B L E  
C  
F L R T ( 1 1 ) = D N 2 + 0 N 4  
S L l V E R = O N 4 / ( 1 0 - I K )  
1 F ( I K . E 0 . 9 )  G C  T O  1 2 0  
c  
C  C C M P U T E  F L O *  R A T E S  I N  T H E  L A Y E R S  B E L O W  T H E  T C P  F I R S T  L A Y E R  I N  
C  T H E  W A T E R  T A B L E  
C 
0 0  1 1 0  I = I M . 1 0  
1 1 0  F L R T ( I ) = F L R T ( 1 1 ) + S L I V E R * ( 1 1 - 1 )  
C 
C  C A L C U L A T E S  C H A N G E S  I N  S O I L M  A N D  W C  I N  T H E  L A Y E R  J C S T  B E L C W  
C  T O P  O F  W A T E R  T A B L E  
^ tu 
1 2 0  S O I L M ( I L ) = S O I L M ( I L ) *  F L R T { I L ) - F L R T C  I M ) - S L I  V E R  m  
W C ( I L ) = S 0 I L M ( 1 L ) / 1 5 .  
1 3 0  I F ( W C ( I L ) . L E . W C F C ( I L » + D P )  G O  T O  1 6 0  
F L H T t I L )  =  F L R T < I L )  -  S O I L M ( I L )  •  ( * C F C ( I L ) + 0 P ) * 1 5 .  
W C ( I L ) = W C F C ( I L ) + D P  
> 0 I L M ( I L ) = 1 5 . * W C ( I L )  
C 
C  R E C O M P U T E  S O I L M O I S T  O F  T H E  L A Y E R  J O S T  A B O V E  T h E  W T f c  
C  W I T H  T H E  N E W  F L R T f I L )  
C 
S 0 I L M (  I K ) = O S M (  I K . )  •  F L R T ( l K ) - F L R T t  i u ) - E T L (  I K )  / I N T  
H C ( I K ) = S O I L M ( I K ) / 1 5 .  
C 
C  C H E C K  I F  W A T E R  T A B L E  G C E S  A B O V E  S O I L  S U R F A C E  
C  O T H E R W I S E  R A I S E  T H E  W T B  B Y  O N E  L A Y E R  
C  
I F ( I K . E Q . l )  G C  T O  1 5 0  
1 4 0  I M = : L  
I L  =  1 K  
**** SUBPQCGRAM MOIST **$* 
I K =  I K - 1  
* T 8 = & T e - 1 5 .  
G O  T O  1 2 0  
C  
C  S T C R E  A S  H E A D  I F  * T B  I S  I N  F I R S T  L A Y E R  
C  
1 5 0  I F ( * C ( 1 ) . L E . * C F C ( 1 ) * D P )  G O  T O  1 9 0  
I H E A D = 3 . * I N T  
H E A a = ( W C ( I ) - * C F C ( 1 ) - D P ) » 1 5 .  
m e c  1  ) = w c F c ( i ) + D P  
S O I L M ( 1 ) = * C ( 1 1 * 1 5 .  
G O  T O  1 9 0  
c 
C  C K E C K  T O  S E E  I F  t o C  O F  F I R S T  L A Y E R  I N  W T B  I S  =  C R  > f c C F C  
C  
1 6 0  I F ( « C ( I t - I . G E . W C F C (  I D )  G O  T O  1 9 0  n j  
F l _ R T ( I M )  =  F L R T ( I M )  -  * C F C ( I L ) * 1 5 .  •  S C I L M ( I L )  5  
W C t l L .  ) = * C F C ( I L )  
S O I L M ( I L ) = k C < I L ) * 1 5 .  
IK=IL 
I L = : M  
W T B = k T 8 + 1 5  
C  
C  C H E C K S  I F  * T B  G C E S  B E L O W  1 5 0  C M  
C  
I F ( l M . E Q . l l )  G O  T O  1 7 0  
S O I L M ( 1 M ) = 0 S M ( I M )  + F L R T ( I M ) - F L R T ( 1 4 + 1 )  
« C ( I M ) = S O I L M ( I M ) / 1 5 .  
IM=IM+1 
G O  T O  1 6 0  
1 7 0  1 F ( F L R T ( I M ) . G T . O . I  G O  T O  1 9 0  
k T B = * T B - F L R T ( I M ) / D P  
G O  T O  1 9 0  
C  
**$* SUBPROGRAM MOIST 
C  C A L C U L A T E S  C H A N G E S  I K  U T E  I F  W T 8  I S  8 E L 0 *  I S O  C M  A L R E A D Y  
C  
1 8 0  * T B = k T G - F L R T ( l l ) / D P  
I F ( * T B . C E . 1 S 0 . )  G O  T O  1 9 0  
C 
C  I F  T H E  m T B  <  1 5 0  E X C E S S  W A T E R  I S  A O C c D  T O  1 O T H  L A Y E R  
C  
F L R T t l L J  =  F L R T ( l L )  -  0 p * ( 1 5 0 .  -  t e T B )  
S O I L M t  1 0 ) = S 0 I L M (  1 0 )  * •  O F $ ( l 5 0 . - # T d )  
* T B = 1 5 0 .  
M C < 1 0 ) = S O I L M ( 1 0 ) / 1 5 .  
I F <  « C (  I K )  . G T . I k C F C <  I  K  )  )  G O  T O  1 * 0  
1 9 0  R E T U R N  
E N D  
hj 
SUBROUTINE MOI ST2(ETL.INT) 
C 
c *^^^***************************************************************** 
c 
c THIS SUEWOUTINE COMPUTES HATER MOVEMENTS 8ELC* THE 
C OEPRESSICN 
C 
c 
C 
IMPLICIT REAL*4 (A-H»J-Z) 
CCMMCN /COMA/ 
» OP.HEAD.IHEAO.OET.T,TEMP,HTFC. F( 1 0 ) .GRA6(9)•LGHT(^.«CFC( I0) 
CCMMCN /COMB/ AKEA.CCRN.NITOUT, 
* lTCROP*TILE.CNORT2( 10) .FLRT2( Il ) . SC IL.M 2( 1 0 ) . WC2( I 0 ) 
CCMMCN /CCMC/ PREC.RUNOFF.TAIR, 
* XX(10).OY(10).KY(10).CPTXX(7),OPTXY(7),OPTYX(7),CPTYY(7),*ILT(:0) 
CCMMCN/CCMJ/ 
IMDC.DEPTH,HORAIN,SPACE.HYCC.WORM,OIVIJE,JA.JB.AE,AC 
DIMENSION ETL(10),OSOIL2(10) 
DIFN{XJ=10.»»AFGEN(XX,DY,10,X) 
CJUT(X)=10.**AFGEN(>X,KY,10,X) 
00 10 1=1,8 
10 OSOIL2(l)=SOlLM2(I) 
OC 30 1=2.6 
AVD=(0IFN(*C2(I-l))+DIFh(kC2(I 
AVC=(CDUT(*C2(I-l))+CDUT(kC2(I 
30 FLRT2< I »=( AVO»( »tC2( I-1)-WC2(I) 
DO*N = (PREC+RUINOFF/TILE/CIVlDE + 
C 
C PARAMETER WORM IS INSERTED TO 
C 
OQWN=(PREC+hEAD/IHEAO»INT)/lNT 
PERINF = 1 - WORM 
FLRT2C1) = DOWN • PERINF 
scilm2( 8) = soilm2( 8) + dcwn-flrt2i1) 
wc2( 8) = scilm2( 81/15. 
) ) ) / 2 .  
) ) ) / 2 .  
)/l5.*AVC)/INT 
HEAC/IHEAD»INT)/IKT 
STUDY WUMMHOLE EFFECT 
»#»* SUBPROGRAM MC1ST2 **»* 
IF (MC2f 8).GT.kCFC( 8) *  , 0 7 1  «RITE(6. «002 ) «C2( 8) 
•002 FORMAT (2X,«MOIST2: •C2( 8) = F5.3//) 
HEAO=hE U-hEAJ/IMEAD 
IHEAO=' l-EAO-l 
1F(IhEAO-LE.O) IHEA0=1 
50 AVD-(0IFN(kC2( 8)>•0IFN{toTFC))/2. 
AVC=(CDUT( *C2( 8) ) •COUT < I* TFC ) )/2. 
FLRT2( S) = (AVD$(*C2( 3 )-li TFC )/7 . 5* AVC J / INT 
OO 70 1=1,8 
S0ILM2(I) = OSOIL2(I) * FLRT2(I) - FLRT2(I+1) - ETL(1)/INT 
*C2<I)=S0ILM2(I)/15. 
IF<*C2(I).LE.#CFC(I)) GO TO 60 
FLRT2(I+1)=FLPT2< 1*1j+(kC2( I)-*CFC(I))• 15. 
*C2(I)=fcCFC(I) 
SaiLM2(I)=15.$*C2(I) 
60 IF(kC2(I).GE.*ILT(I)j GO TC 70 
FLRT2(1*1)=FLRT2(I*l)-(kILT(I)-WC2(I))*15. 
«C2(I)=kILT(I) 
SOILM2(1)=15.**ILT(1} 
70 CONTINUE 
RETUAN 
END 
nr nnr, n n r r n r r n r  
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$*$* SU8PRCGRAM NITRO **** 
C 
C NFLfiN=NET PLC* OF NITRATE INTO EACH LAYER 
NFLfiN =FLfiN(I)-FLRN<I+1) 
IJ=AMINO((1-li/IK,I) 
C 
C UFÛATES NTRT 
C 
NTRT( I )=.MTRT( I I + NFLRN - ONTlJP( I ) /INT - IJ» SL 1 VER»C NtRT < 1 ) • *|F ( I ) 
C 
C RESTRICTS VALUES TO BE POSITIVE 
C 
1F(NTRT(1}.GE.O.) GO TO 80 
MRITEf6«200) I 
200 FGAMAT(/26X,'**NEG. N CCNC. BEING CORRECTED IN LAYER',13,'***) 
FLRN(I+1)=FLRN(I+1)+NTRT(I) 
NTRT(I)=0. 
80 CONTINUE 
C 
C NITRIFICATION OF FERTILIZER AMMCNIUM 
C 
IFINTRAT.GE.FERT) GO TO 90 
ONFM=0.C05 
IF(NTRAT.GE.PERT.OR.T.LT.FERTIM) GO TO <30 
IF(T.LT.(FERTIM*20)) DNFM=F£RT•0.0004 
NTRAT=NTRAT*ONFM*100 /INÎ 
NTRT(2)=NTRT(2)+3NFM /INT 
C 
C OENITRIFICATICN 
C 
90 DO 100 1=1,2 
IFIwCd j.LT.MCFCI I ) ) GC TO 100 
DENT = AMIN1{DEN IT,NTRT( I )) 
NTRTII)=NTRT( I)-DENT/I NT 
*$** SUBPROGRAM NITRO *$** 
T3ENIT=TOENIT+OENT/INT 
100 CONTINUE 
NET MINERALIZATILN 
IF(T.LT. 2.0R.T.GT.Z13) GC TO 120 
IF(T.LT. 15.0R.T.GT. 64.) GO TO 110 
NTRT(l)=NTRT(l)+(0.003)/INT 
NTRT<2>=NTRT(2»+(0.003)/INT 
GO TO 1 20 
110 NTRT(i)=NTRT(1)+(0.00115)/INT 
NT«T(2)=NTRT< 2 »+(0.001l5)/INT 
120 JO 130 1=1$10 
130 CNQRT(I) = NTRT( n /SOILM( I) 
RETURN 
END 
SUGRCUT INE Ni TR02( ÛNTOP ,UNFM,FERT I M, NT H AT ,FERT« IM ) 
L 
c 
C THIS SUBROUTINE CALCULATES T h E  NITRATE MOVEMENTS IN THE 
C DEPRESSION 
C 
c * *$**********************************************************$*****  
V. 
IMPLICIT REAL*4 (A-h.J-Z) 
COMMCN /COMA/ 
$ 3PtMEACtIhEAO.OET.T,TEMP.MTFC« F(10).GRA6(9)tLGHT(«).«CFC(10) 
CCMMCN /COMB/ AREA.CCRN.MTOLT. 
• ITCROP.TILE.CNORT2( 10) .FLRT2<1 I).SOILM2< 10 ) tWC2< 10) 
CCMMCN /CCMO/ CNOR*. 
* DENIT,OIF,DISP,NORN.S0ILM*,TCRT,%TSAT,NTRT2(10),*F(10) 
DIMENSION *C(10).ETL(10 ).DNTUP( 10 ) ,CNORT( 10 ) . OP TX ( 7 ) » CPT tr { 7) 
» ,WILT( 10) ,FLRN2( 1 1) 
DO 20 1=1,8 
0FL=(0ISP*ABS(FLRT2(I))+DIF*TCRT$0.5*<*C2(I-l)+aC2(I))/INT) 
• •(CNORT2C I-l )-CNCHT2( I) )/l5. 
IF(FLRT2(I ) .LE.0. ) MFL=FLRT2(I)*CNCRT2( I)»0.b 
IF(FLRT2<1).GT.O.) MFL=FLRT2(I)»CN0RT2(1-1)*0.5 
20 FLRN2(I)=(MFL+DFL) 
FLRN2(1)=FLRT2<1)*NCRN 
IF(FLRT2(9) .LE.O) FLRN2(9)=FLRT2(9)*CNOR**0.5 
IF(FLRT2C 9).GE.O) FLRN2(9)=FLRT2(9)•CNCRT2(6)*0.5 
00 60 1=1,10 
NFLRN =FLRN2(I)-FLRN2(I+1) 
NTRT2(I )=NTRT2( I ) • NFLRN - 0NTUP(I)/1NT 
IF(NTRT2(1).GE.O.) GC TO 60 
WRITE(6.200) 1 
2C0 FCRMAT(/27X.'$**NEG. N CONC. CORRECTED IN LAYER*.13.'***') 
FLRN2(I+1)=FLRN2(I•1)•NTRT2(I) 
NTRT2(I)=0. 
60 CONTINUE 
**#* SUBPROGRAM NITR02 »*$$ 
IFCNTRAT.GT.PERT.OR.T.LT.FERTIM) 30 TU 70 
NTRT2(I )=NTRT2( 1 )•DNFM/INT 
70 DO 80 1=1*2 
:F(WC2(l).LT.kCFC(I)) GC TO 80 
NTRT2(1 )=*MAX1( NTRT2< I )-DENIT/I NT.0.) 
90 CCNTINLE 
IFIT.LT. 2.0H.T.GT.213) GO TU 100 
IFtT.LT, 15.0R.T.OT. 64.) GO TO 90 
NTRT2C 1)=NTRT2( 1 )+0.003/INT 
NTRT2(2)=NTPT2(2)+0.003/INT 
SO TC 100 
90 NTRT2( 1 )=NTRT2< 1 )*0.001 15/lNT 
NTRT2(2>=NTRT2(2)+0.00115/INT 
1 0 0  0 0  1 1 0  1 = 1 . 1 0  
110 CN0RT2(I)=NTRT2(I)/SÛILM2(1) 
RETURN 
END 
to 
SUSPCUTINE PLGdTHUPLANT.MT,BT,M0.8C,YG,ML.dL,YR.MR,8A,NlTUP, 
* PLGK.RZL^E.wTB.PAM.ETL,IK,DNTUP.CNOdT,GPTX,OPTY,IkH.kC,WlLT) 
L 
c 
C THIS SUEPOUTINE CALCULATES ROOT GROteTH, NITROGEN UPTAKE. 
C ANO PERCENT AVAILABLE MOISTURE 
L 
C ******************************************************************* 
c 
IMPLICIT REAL*4 <A-H,J-Z) 
INTEGER MAX! 
CCMMCN /COMA/ 
* OP,hEAO.IhEAD.OET,T.TEMP,*TFC, F(I0>.GRA6(9>»LGHT(.«CFC(10) 
OtMENSICN WC(10).ETL<10),ONTUP(10).CNORT<10),aPTX</»»0PTy<7) 
* .klLTIlO) 
L 
C CALCULATES ROOT GRCKKTH 
L 
ORTGR=VR *EXP(-(MR-(T-PcANT)I**2/BR»»2 ) 
RZCNE=RZONE+ORTGR 
1X=AMINO!MAX1(RZONE.1S>)/I5*10.1K) 
* = 0« 
• X = 0 • 
00 t o  1 = 1 .  IX 
*X=»X + *CFC( D-WlLTi 1 I 
10 *=*+*C( IJ-» ILT{ Ii 
PAM=k/*X 
LMW=1-EXP(- 3.*PAM) 
00 20 1=1 .10 
ONTUPC I)=ETL(I )*CNORT(I )»F(I » *R8 
20 NITUP=NITUP*ONTUP< I I 
C 
C COMPUTE ADDITIONAL NC3 UPTAKE FOR SOYBEAN DUE TO FIXATION 
C 
50 IF(IWh.EJ.2) NITUP = NITUP • CRTGR*0.3 11 
**** SUBPROGRAM PLGRTH •••» 
IF(PLGR.GT.O) GO TO 60 
LMN=1. 
GO TO 90 
60 TP=T-PLANT 
0PNIT=AFGEN<0PTX,0PTY . 7.TP) 
R=AM1M < 100 .»NI TUP/FLGR.CFNIT ) 
80 LMN=EXP(-(0PNIT-R)**2/(0.75*0FNIT)$*2* 
90 IF(T.SE.(45+OLANT)) GG TO 100 
100 LM=AMIN 1 (LMT,LML.LMh,LMN) 
GR=LM$YC*EXP(-(MC-T+PLANT)*$2/B0**2) 
PLGR=PcGR+GH 
RETof«N 
END 
r-j 
SUBROUTINE COMB IN 
V. 
c 
C THIS SUEROUTINE COMBINES THE TILE DISCHARGE AND ITS 
C NITRATE CONCENTRATIONS 
C 
C *$$*$****$**$**$*******$**$***********************$*****$******** 
C 
IMPLICIT REAL*4 (A-I-.J-Z) 
CCMMLN /COMB/ AREA,CÛ«N,MTOUT, 
• ITCROP.TILE.CN0RT2(10) .FLRT2f 11) .SO ILM2( 10) . WC2(I 0) 
CCMMCN /COMO/ CNCRW, 
$ DENIT,DIP,DISP,NORN,SOILM*.TORT,kTSAT,NTRT2(10 ) •«F(10) 
COMMON /COME/ CNORZ.ORAI NX.CRA1NY.FLO*t I KX.IKY « SBt 
• CN0fiTX(10),CNORTY( 10),FLRNX( 11).FLRNY( H) ,FLRTX( I 1) «FLRTV( 1 1 } 
C CNOR*=NC3 CONC IN THE kATER TABLE BENEATH 150CN 
CNORW=<FLRNX(ll)*CCRN +FLRNY<I1)*SB +LNOR**SOIL**)/ 
• (FLRTX( I I )•CORN +FLRTY(11)*SB *SCILM«) 
L 
C CALCULATES % OF DRAINAGE FROM CORN, SOYBEAN FIELDS AND FROM 
C THE AREA BELO* THE DEPRESSION 
C CNORZ = N03 CONC IN THE EFFLUENT 
L NITuUT = CUMULATIVE N OUTFLOW AT THE TIcE FRCM CORN FIELD 
C 
CN0RZ=0.0 
GO TO (10,20),ITCRCP 
10 P£«X=(COfiN-TILE)*DRAINX 
PERY=SB*CRAINY 
GO TO 3 0 
20 PERX=COFN*ORAINX 
PERY=(Se-TILE)*ORAINY 
30 PER2=TILE*AMAX1(FLRT2( 9),0.) 
PER=PERX+PERY+PER2 
FLO*=PER 
IFIPER.EO.O.) GO TO 90 
$$$* ioaPRCGPAM CCMdIN **$* 
IF( IK X.£0.1 C) GO TJ 50 
IX=IKX+1 
CNORX-Ù. 
00 40 I=IX,10 
40 CNORX^CNJRX•CNORTXt1>»WF(I) 
CNOfiX = CNQHX/( 10-IKX ) 
50  I F ( I K Y . 1 0 )  GC T J  7 0  
I X = I K V + I  
Cr^URY-0. 
DO 60 I = I X, 13 
OO CN3RY = CNORY-»CNOfirY< I »»WF( I » 
CNOKY-C NiCPY/( 10-IK> ) 
70 CNQR2=i(CNOkX*PERx+CNORY»PEKY+CNURT2(a 
1R**/Z. 
80 NlTOOT=NlTGCT*lOO.*{PER»CSOfiZ) 
GO TC 100 
90 NITOLT=NITULl+0. 
IC O  R E T U P N  
END 
FUNCTICK AFGEN(ARG.FUNC.lOIM.XJ 
C 
t 
c 
C AFGEN IS A FUNCTION GENERATOR MHICH WILL GIVE A CCRRESPCNOING 
C COORDINATE VALUE TO AN ARGUMENT X« INTERPOLATING BETWEEN 
C TWC POINTS ON THE GIVEN GkAPH 
C 
c 
C 
IMPLICIT REAL*4 (A-H,J-Z) 
DIMENSION ARG(IOIM).FUNCtlOIM) 
DO to 1 = 1.1 DIM 
IF(ARG< I I.GE.X ) GO TO 20 
10 CCNTINUE 
WRITE(6«30> X.ARG(IDIM) 
JO FORMAT*' THE VALUE•»Fi0.4.• IS OUTSIDE RANGE OF ARGUMENTS OF THE T 
•ABLE: •/ • IT IS SET EQUAL TO LAST ARGUMENT IN TABLE : '.F10.4) 
35 AFGEN=FLNC(lOIM» 
RETURN 
20 IF (I.EQ.1. ) GC TC 45 
J= I- 1 
AF iEK=FUNC( J> +(FUNC( 1)-FJNClJ) )/(ARG( I>-ARG(J) )*(X-ARG(J) ) 
RETURN 
45 AF5EN=FUNC(1) 
RETURN 
END 
237  
APPENDIX B: 
LISTING OH MODEL FLOW CHARTS 
238  
Flow Chart of the Main Program 
START MAIN 
WRITE INPUT DATA 
YES 
NO 
YES 
NO 
WRITE HEADINGS 
145 
SET T = 0 
NITOUT = 0 
KDENTX = 0 
READ INPUTS FOR 
CROPS G TILE DRAINAGE 
READ INPUT DATA G 
INITIALIZE VARIOUS 
VARIABLES (, PARAMETERS 
239 
READ WEATHER DATA 
INT = IPREC + I 
CALL ETR 
AVGFL = 0 
ADN2 = 0 
AVGNIT = 0 
ARUNOF = 0 
I = 1 INT 
CALL MOIST 
ADN2 = ADN2 + DN2 
ARUNOF = ARUNOF + RUNOFF 
CALL NITRO 
1 
CALL M0IST2 
1 
CALL NITR02 
240 
FLRT2 = 0 WTB > 135 
FLRT2 = FLRT2(9)*INT WTB < 135 
CALL COMBINE 
AVGFL = AVGFL + FLOW 
AVGNIT = AVGNIT + FLOW*CNORZ 
COMPUTE FLOW 
COMPUTE CNORZ 
T > PLANT 
AND 
T < HARVT 
CALL PLGRTH 
PLGRX = 0 
RZONEX = 0 
NITUPX = 0 
2000) < IK = 1, 10 > 
241  
COMPUTE ANCX 
COMPUTE SI ICI 
sue 2 
sue 3 
TUN 2 
TET 
TI'LOW 
TPREC 
IRUNOF 
WRITE OUTPUT 
VARIABLES 
WRITE NITOUT 
TDENTX 
242  
Subroutine ETR (ETL, PAM, HARVT, T, GET, XORY, ET) 
START SUB. ETR 
NO 
ET = 0.035 
•</!' - IIARVT > ET = 0.25 * OET 
ET = 0.075 
NO 
RATIO = AI'GENCCRAIX, (ÎRAIY, 10, T) 
ET = OET * RATIO 
YES 
YES 
NO 
YE ET = OET * RATIO 
STRESl LOW 
NO 
YES ET = OEI * RATIO 
STRES2 
OET = AV( 
NO 
YE OET * RATIO 
STRESS OET = HIGH 
243 
OET LOW ET = OEr*RATIO*TRESSl 
NO 
YES 
ET = 0ET*RATI0*TRESS2 
NO 
YES 
ET = OET*RAII0*TRESS3 
YES 
XORY 
NO 
YES 
IS DATES(IJ) > T 
NO 
l.TL(I) = l'ATNd, l.J)*ET 
NO 
ETL(I) = PATNYd, 1J)*ET 
r~^ ETURN ) 
END 
244  
Subroutine MOIST (WC, FLRT, SOILM, liTL, WTB, IK, DRAIN, 
IWH, INT, SLIVER. DN2) 
f START SUB. MOIST 
< 1  
II 
1 
OSM(I) = SOILM(I) 
IK + 1 
YES 
> 
NO PREC 
YHS 
COMPUTE RUNOFI-
RUNOFF 
COMPUTE FLRT(II) 
COMPUTE FLRT(1J 
COMPUTE FLRTU) 
© 
245 
Yi;.s 
NO 
Yi;s 
NO 
100 
180 
NO 
WC(1) WILT(I) 
WC(,1) = Win (1) 
wc(ij = ivcr-c(i) 
COMPUTE Fl,RT(I+n 
COMPUTE FLRT(I+1J 
SOILM(I) = WC(1)*15 
UPDATE SOILM(n 
AND WC(I) 
Ik+l, IM = IL+1 
COMPUTE TILE DRAINAGE 
COMPUTE DEEP PERCOLATION 
246  
COMPUTES FLRT IN 
WATER TABLE 
COMPUTE CHANCES IN 
SOILM(IJ, I = IM,10 
NO 
YES 
SET WCUJ = WCSAT(I) 
COMPUTE IVC(IK) 
YES 
NO 
140 
IK = IK-I 
WTB = IVTB-IS 
YES 
RETURN ) WC( 1 ) ; WCSAT 
NO 
LLEAU = EXCESS 
WATER 
WC ( 1 ) WCSAT 
RETURN ) FC(IL) 2 WCI-C(1L 
247  
COMPUTE FLRT(IM) 
WTB = WTB+15 
YES 
NO 
COMPUTE SOII,M(IM) 
1( , ( )  
< RETURN"^ FLRT(IM) > 
NO~T''^  
COMPUTE CHANGE IN 
WTB - RETURN 
180 
COMPUTE CHANGE IN 
WTB 
YES 
NO 
.:0M1'UTE FI,RT{ILJ 
UPDATE SOILM(IO) 
WTB = 150 
140 
END 
248  
Subroutine MOISI2 (RTL, INTJ 
( START MO 1ST2 J 
X I = I, sA 
0S0IL2(I) = so 11,2 
—< : = 2. 8 ) 
FLRT2(1) = DGWN*P1:RINF 
UPUA'l'K WC2(1 
COMPUTt; FLRT2 
COMPUTIi DOWN 
COMPUTE FLRT2(yj 
COMPUTE WC2(8J 
PERINI' 1-WORM 
UPDATE STORED HliAU 
249 
IIS 
NO 
WC2([) = WCFC(L) 
YLS 
W(:(2) _• WILT(I) 
NO 
WC2(I) = WILT(l) 
INCRliASi: FLRT2(Ij 
our OF RIIA'r LAYKR 
REDUŒ FLRT2(I) 
OUT OF THAT LAYER 
Subroutine NITRO (WC, FLRT, SOILM, IK, CNOP/fVFLRN, NTRT, 
DNTUP, PERT, PLANT, HARVT, FERTIM, DNFM, NTRAT, INT, TDENIT, SLIVER) 
c START SUB. NITRO ) 
FLRN(l) = FLRT(l)* 
NORN 
1  =  2 ,  1 0  
COMPUTE FLRN(lj 
COMPUTE FLRN(ll) 
o
 
M 
V 
COMPUTE NFRN(I) 
AND NTRT(I) 
YES 
NTRT(Ij L 0 
NO 
WRITE LAYER 
OF NE( CON 
, J 
COMPUTE FLRN(I+lj 
NTRT(I) = 0 
© 
251  
YES 
NTRAT £ FKRT 
NO 
YHS 
T < FhRTlM 
NO 
YKS 
NITRIFICATION = 
0.0004*FERT 
NO 
COMPUTE NTRAT 
AND NTRT(2) 
YES 
NO 
COMPU TE DEN ITR I F ICA'l lON 
AND NTRT(2) 
100  
NITRIFICATION 0.005 
B 
252  
YES 
NO 
NO 
MINliRALIZATION RATE 
= 0.003 
MINERALIZATION RATE 
= 0.00115 
COMPUTE CNORT(l) 
RETURN 
END 
253  
Subroutine PLGRTH (PLANT, MT, BT, MO, BO, YO, ML, BL, YR, MR. NITUP, 
PLGR, RZONE, WTB, PAM, ETL, IK, DNTUP, CNORT, OPTX, OPTY, IWH, WC, WILTJ 
c START SUB PLGRIH 1 
COMPUTE DRTGR, RZONK, IX 
__C_ 
W = 0 
wx = 0 
—1 = IX ^ 
wx = wx + WCFC(IJ - WILT(IT] 
I — 
W = W + WCCn - WILTd) 
PAM = W/WX 1 
LAW = 1 - i;XP(-3.*PAM) 
. 10 
COMPUTE DNTUP(I) 
NITUP = NITUP + DNTUP(r 
IWll = 2 YES NITUP = NITUP + 
DRTi;R* 0.011 
254 
PLCR COMPUTE LMN 
NO 
YES 
NO 
RETURN 
liNL) 
COMPUTE CR 
Pl.SR = PLGR + CR 
DETERMINE MINIMUM 
OF LMN AND LMW 
255  
Subroutine COMBINE 
^ START SUB. COMBINE 
COMPUTE CNORW 
SET CNORZ = 0 IF 
FLOW = (I 
COMPUI T; PELIX 
COMPUTE; PERY 
COMPUTE PER2 
FLOW = PERX + PERY + PER2 
YES 
FLOW = a 
NO 
COMPUTE CNORX, 
CNORT, CNORZ 
COMPUTE NITOUT 
(RETURN ) 
